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Understanding nitrogen (N) dynamics in agricultural systems is very critical for 
profitable corn production while minimizing the N losses from agroecosystems which cause 
environmental degradation and increase cost of production. The nitrogen cycle in agricultural 
systems is complex; it includes interactions among many pools and fluxes. These pools and 
fluxes are controlled by climate, soil properties and crop management. The overall objective 
of this research is to better understand the impacts of crop management practices on cropping 
systems N dynamics.  
Potentially mineralizable N (PMN), measures the release of plant-available N from 
soil organic matter, is controlled by the soil properties, climate and past crop management 
practices. However, the effect size and relationship with the crop yield across different 
conservation and conventional crop management practices remain uncertain. Using a meta-
analysis approach, chapter two examined the effects of various conservation and 
conventional crop management practices on PMN in soil. This quantitative review suggests 
that, as compared with no fertilizer, cropping systems with inorganic N fertilizer had 22%, 
and systems with manure had 34% higher PMN. Three or more different crops in rotation 
had 44% higher PMN than continuous cropping systems. Cropping systems with leguminous 
cover crops had 211% higher PMN than systems without cover crops. Compared with till 
systems, no-till systems had 13% higher PMN. Although few studies reported PMN and crop 
yield, in those that did report both variables, conservation crop management practices 
consistently increased both PMN and yield. Consistent with the use of PMN as a soil health 
indicator, this study suggests that practices benefiting PMN also benefit yield.  
vi 
Uncertainties about the effects of inorganic N fertilizer on soil organic matter has led 
to a great debate about the long-term sustainability of fertilized continuous corn production 
systems in the Corn Belt. Fertilizer application enhance the primary productivity and thereby 
increase the soil organic matter by adding higher residue inputs. Whereas, other studies have 
suggested N fertilizer application enhances the microbial activity and thereby decreasing the 
soil organic matter. The objective of chapter three was to quantify the effects of inorganic N 
fertilizer on soil organic matter mineralization using a combination of field and laboratory 
experiments. In the field, at the onset of rapid corn N uptake, N fertilizer reduced gross 
ammonification rate by 12-15%. A companion laboratory experiment suggests that the 
negative effect of N fertilizer was due to direct effect of ammonium fertilizer addition rather 
than indirect effects of N on crop growth that affect gross ammonification such as soil water 
content and temperature (i.e., well-fertilized crops use more soil water and shade the soil). 
Ammonium pool was negatively associated with the gross ammonification rate. This work 
demonstrates that optimum rates of inorganic N fertilizer does not enhance SOM 
mineralization and increases crop yield and residue input to the soil and therefore, does not 
contribute to reducing SOM content of conventionally managed continuous corn production 
systems of Midwestern US Corn Belt. 
Careful management of N is agroecosystems require to match the N supply with crop 
N requirement. Late spring soil nitrate test and end of season corn nitrate test are commonly 
used methods to determine the N fertilizer recommendations in corn cropping systems of 
Midwestern US Corn belt. However, late spring soil nitrate test is an indicator of N supplying 
capacity of soil and the end of season test is a post hoc test which indicates the whether the N 
in corn was low, optimum or excessive and it cannot be used for in-season N fertilizer 
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recommendation. Chapter four evaluated the potential for corn stalk sap nitrate concentration 
to make a useful tool to monitor crop N status and determine the need for supplemental N 
fertilizer input. Multiple N rate trials were conducted across the state of Iowa to determine 
the response of corn stalk sap nitrate concentration at the V7-V8 development stage to soil N 
availability and crop N demand. There was a positive linear or quadratic response of sap 
nitrate concentration to N fertilizer rate at each site. Grain yield had positive association with 
the sap nitrate concentration at V7-V8 developmental stage. This one-year study conducted 
at multiple locations suggested that 570-820 ppm N was the sap nitrate concentration 
sufficiency range at V7-V8 corn development stage to maximize net return from per unit of 
N applied per unit of land. Sap nitrate test can be used to make in-season fertilizer N 
recommendations based on the plant N status.  
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CHAPTER 1.    INTRODUCTION 
Nitrogen (N) is an essential nutrient and input expense for corn production in the 
United States (US) Midwest Corn Belt, and since it affects grain yield, profitability, soil 
health, and environmental quality. Nitrogen fertilizer is essential for achieving high crop 
yields, however, because its use is widespread and it is easily lost from cropping systems to 
the surrounding environment, it is the dominant contributor to global N pollution, which 
creates substantial risks to climate, human health and ecosystems (Erisman et al., 2013). 
Consequently, careful management of N fertilizer is critical to ensure profitable corn 
production while minimizing the N losses from agricultural systems. 
The N cycle in agroecosystems is complex, which provides both advantage and 
disadvantage for N management in crop production systems (Robertson and Vitousek, 2009). 
The advantage is that it provides multiple points of intervention for N management. And, the 
disadvantage is that it is very difficult to understand the interactions among different pools 
and fluxes. In the fertile soils of Corn Belt of US with high soil organic matter (SOM) 
content, more than 98% of the total N in the surface soils is in the organic matter while only 
less 2% is in the plant available inorganic forms (Christian et al., 2012). For crop production, 
N is either applied directly to the crops in the form of soluble inorganic fertilizer or is 
available to the crop from the soil organic matter (SOM) that is mineralized by microbes.  
About 40-60% of the total N taken up by the plant is from SOM-N and therefore, is 
considered as the major source of N for crop uptake (Stevens et al., 2005 and Gardner and 
Drinkwater 2009). 
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N mineralization is a microbial process by which organic N in the soil is transformed 
to the plant available inorganic N forms (Tisdale et al., 1985). For careful management of N 
in agroecosystems, it is important to understand the N supplying capacity of soil. The 
fraction of SOM-N susceptible to mineralization is called potentially mineralizable nitrogen 
(PMN) (Drinkwater et al., 1996). It is measured in laboratory conditions controlled for 
temperature, moisture, aeration and time. Potentially mineralizable N of soil is highly 
variable in space and time and is affected by climate, soil physical, chemical and biological 
properties as well as by the crop management practices.  
Crop management practices can have either direct or indirect effects on PMN. Tillage 
systems impact the decomposition rates, residue incorporation, and above and belowground 
crop growth and thereby impact the size of PMN (Angers and Eriksen-Hamel 2008). PMN 
can also be affected by the N fertilizer amount and type through amount, quality of residue 
inputs (Brown et al., 2014; Poffenbarger et al. 2017). Crop diversity can affect the SOM-N 
by changes in crop management practices, crop growth habits, and quantity and quality of 
crop residue input (Davis et al., 2012). Cover crops enhance residue input from the additional 
crop, recycling N and adding atmospheric N into the system (Tonitto et al., 2006).  
To enhance the sustainability of corn production systems it is important to understand 
the magnitude and direction of the N fertilizer effect on SOM mineralization. There is a great 
debate about its impact on SOM mineralization (Robertson et al., 2013). According to 
ecological stoichiometry theory, when N is a limiting resource, inorganic N fertilizer addition 
can enhance microbial activity and biomass, thereby enhancing the SOM mineralization to 
meet carbon and nutrient demand (Chen et al., 2014). In contrast, according to N mining 
theory, when N is a limiting resource, addition of inorganic N fertilizer will decrease the 
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SOM mineralization by shifting microbial utilization of SOM substrates to readily available 
N compounds (Moorehead and Sinsabaugh, 2006; Craine et al., 2007).  
Efficient use of N fertilizer is critical for profitable corn production and to reduce N 
losses to the environment. Therefore, it is important to match the crop N demand with the 
total N supply from soil and N fertilizer considering unavoidable N losses. However, due to 
environmental conditions being the major control on soil N mineralization in a given year 
and N losses from the system, accurately predicting the amount of N needed by corn has 
proven to be challenging. There are numerous tests and tools available to predict crop N 
demand, N supply from soil, and to make N fertilizer recommendations (Morris et al., 2017). 
The most commonly used methods are the late spring soil nitrate test and the end of season 
stalk nitrate test (Blackmer et al., 1989; Binford et al., 1992). However, the late spring soil 
nitrate test is an indicator of N supplying capacity of soil, it does not provide any information 
about the crop N uptake and demand (Blackmer and Schepers, 1995; Morris et al., 2017). 
The end of season corn stalk nitrate test provides the crop N status, but it is done at the end of 
the season and therefore is not helpful to make in-season N application recommendations 
(Morris et al., 2017). Thus, there is need for a N test based on the crop N status that could be 
used early in the season for late spring N fertilizer recommendations. 
Here, in the next three chapters, objective is to understand the patterns of crop 
management practices affect on the N supplying capacity of the soil, ferilization impact on 
microbial processes, and to find a new tool for in-season N fertilizer application 
recommendations. In the chapter two evaluated the impacts of different conventional and 
conservation crop management practices on the N supplying capacity of soil, i.e., potentially 
mineralizable N. In the chapter three, the impacts of synthetic N fertilizer on gross 
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ammonification rate in soils historically receiving zero, moderate and high N fertilizer 
application rates were assessed. In chapter four, I evaluated if the corn stalk sap nitrate 
concentration could make a useful tool to monitor crop N status for in-season late spring N 
fertilizer recommendations.  
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CHAPTER 2.    CONSERVATION AGRICULTURE PRACTICES INCREASE 
POTENTIALLY MINERALIZABLE NITROGEN: A META-ANALYSIS 
Navreet K. Mahal*, Michael J. Castellano and Fernando E. Miguez 
Department of Agronomy, Iowa State University, Ames, IA. 50011-1010 
*corresponding author: 2104 Agronomy Hall, Ames, IA. 50011; navreetmahal1@gmail.com   
Manuscript published in Soil Science Society of America Journal 
Abstract 
Potentially mineralizable nitrogen (PMN) is considered an important indicator of soil health. 
Cropping systems management can affect PMN. However, the effect size and relationship 
with crop yield across specific management practices remain uncertain. We conducted a 
quantitative review to understand how conservation agriculture management practices affect 
PMN including N fertilizer application, cropping system diversity, and tillage system as well 
as the relationship of crop yield with PMN. Data were extracted from 43 studies published in 
peer-reviewed journals, providing 494 paired comparisons of PMN and 26 paired 
comparisons of PMN and yield across selected crop management practices. In our meta-
analysis, the effect size for each management practice was expressed as a response ratio, 
calculated as PMN or yield for the fertilizer application, high crop diversity, and no-till 
system to the no-fertilizer, less diverse crop system, and tillage system. On average, N-
fertilized cropping systems had greater PMN: compared to no N fertilizer, inorganic N 
fertilizer had 22%, and manure had 34% higher PMN. Diverse cropping systems also had 
greater PMN: three or more different crops in rotation had 44% greater PMN than continuous 
cropping systems; cropping systems with a leguminous cover crop had 211% greater PMN 
than systems without cover crops. Compared to till systems, no-till systems had 13% higher 
PMN. Overall, conservation practices consistently increased both PMN and yield; however, 
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the increase in PMN and yield were not correlated. Consistent with the use of PMN as a soil 
health indicator, this synthesis demonstrates that practices benefiting PMN also benefit yield.  
Keywords: Potentially mineralizable nitrogen; Conservation agriculture; No-till, Fertilizer; 
Crop diversity 
Highlights 
• Conservation agriculture practices benefit PMN 
• Optimum N fertilizer inputs benefit PMN, but low and excessive N fertilizer does not 
• Legume cover crops benefit PMN, but non-legume cover crops do not 
• Crop rotations with ≥3 crops benefit PMN, but simpler rotations do not 
• No-till has greater PMN than chisel and moldboard plow 
• Conservation practices consistently increased both PMN and yield; but the increase in PMN 
and yield were not correlated. 
1. Introduction 
In fertile soils with high soil organic matter (SOM) content, the mineralization of 
SOM nitrogen (SOM-N) is a major source of N for crop uptake and has been positively 
associated with crop yield (Stevens et al., 2005; Gardner and Drinkwater, 2009). As a result, 
researchers have suggested that knowledge about the fraction of SOM-N susceptible to 
mineralization may help to optimize N fertilizer management (Franzluebbers, 2016). This 
fraction of SOM-N, commonly referred to as potentially mineralizable nitrogen (PMN), is 
defined as SOM-N that is converted to plant-available inorganic forms under laboratory 
incubations that control temperature, moisture, aeration and time. Because PMN measures 
the release of plant-available N, it has been proposed as an indicator of soil quality and is 
included in contemporary assessments of soil health (Gregorich et al., 1994; Moebius-Clune 
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et al., 2016). However, cropping system management strategies that can improve soil quality 
may not have consistent effects on PMN.  
In agricultural systems, PMN is indirectly managed through cropping system 
management practices such as fertilizer application, cropping system diversity, and tillage. 
The rational application of these practices, often referred to as conservation agriculture, aims 
to maximize sustainable production of agricultural systems. Although several studies have 
evaluated the effects of individual crop management practices on PMN, general patterns of 
the response have not been examined or connected to crop yield. Information about the 
response of PMN to conservation agriculture practices could aid research that aims to link 
PMN with crop yield, N fertilizer demand, and soil health (Franzluebbers, 2016).  
At present, the effect of N fertilizer application on PMN and SOM is actively debated 
(Poffenbarger et al. 2017). Fertilizer application affects the amount and quality of crop 
residue production, which is mostly incorporated into the soil and therefore affects PMN. 
Nitrogen fertilization almost always increases the amount and quality of crop residue (Brown 
et al. 2014; Poffenbarger et al. 2017), which can build SOM thereby increasing PMN. 
However, N fertilizer may also increase SOM mineralization by relieving microbial N 
limitation, which can decrease SOM thereby decreasing PMN (Pikul et al. 2001; Mack et al. 
2004; Russell et al. 2009). 
Crop diversity, which can be increased with the number of cash crops in rotation or 
the inclusion of non-cash crops (e.g., cover crops) may affect PMN through a number of 
processes. An increase in the number of crops in rotation is typically accompanied by 
changes in soil management strategies and crop growth habits (Davis et al., 2012). In general, 
cropping systems with greater rotational diversity include more organic fertility sources such 
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as manures and legumes as well as more crops with high root inputs such as small grains and 
alfalfa (Campbell et al., 1991; Davis et al. 2012). In addition to crop rotation diversity, cover 
crops, grown between cash crops when the field would otherwise be fallow, can also increase 
cropping systems diversity (Thorup-Kristensen et al., 2003). Well-grown cover crops 
produce large amounts of residue and retain or add nutrients by scavenging inorganic N, 
reducing erosion, and fixing atmospheric N (Tonitto et al., 2006; Hoorman et al., 2009; Liu et 
al., 2015). Combinations of legume and non-legume cover crops are particularly effective 
because they combine the benefits of N fixation with N scavenging and biomass production 
(Sainju et al., 2005). 
Tillage systems can affect PMN due to impacts on crop growth, residue 
incorporation, and SOM decomposition. No-till soil management can reduce erosion of 
nutrient-rich surface soils and increase surface SOM by accumulating crop residue on the soil 
surface, altering root growth, and reducing mechanical disruption of soil aggregates (Angers 
and Eriksen-Hamel 2008; Paustian et al., 1997; Six et al., 1999; Baker et al., 2007). In 
contrast, moldboard plowing fully inverts the tillage layer, moving aboveground residue 
downwards and belowground residue upwards while chisel plowing loosens surface soils, 
increasing soil-residue contact. The effects of tillage systems on SOM decomposition vary 
with the duration of no-till and depth of analysis, potentially resulting in contradictory reports 
about tillage effects on SOM dynamics (e.g., Six et al. 2004; Baker et al. 2007).  
Maintenance or improvement of SOM is considered to be a critical response to the 
implementation of these conservation agriculture management strategies (Reicosky, 2003; 
Franzluebbers, 2016) and PMN is positively associated with SOM because covalent bonds 
among organic C and N inseparably link C and N mineralization (Ros et al., 2011; 
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Drinkwater et al., 1996). Nevertheless, the overall response of PMN to conservation 
agriculture practices has not been determined or linked to yield. Our objectives were to: 1) 
examine the effect of various conservation agriculture practices on soil PMN, and 2) 
determine if these practices had consistent effects on PMN and crop yield. We hypothesized 
that conservation agriculture practices increase PMN and crop yield.  
2. Materials and Methods 
2.1 Comparisons using meta-analysis: In our analysis, we prioritized three crop 
management practices: i) organic and inorganic N fertilizer addition, ii) cropping system 
diversity (crop rotation and cover crops), and iii) no-till systems. These were compared with 
suitable controls which were part of the experimental design and were established with 
treatments at the time of experiment set up (i.e., treatments and controls were established in 
the same year).  The controls changed depending on the selected crop management practices 
and were defined as no fertilizer addition, continuous cropping system, no cover crops, and 
tillage systems (chisel and moldboard plow). Potentially mineralizable N data were extracted 
from the studies in which a treatment group could be compared with a control group with all 
other factors unchanged. If studies included subfactors within the management practices, 
such as N fertilizer rate or the number of crops in the rotation, we compared these treatments 
against the control as well.  
2.2 Database sources and treatment: An extensive literature search was performed using 
Web of Science with the search terms “soil N mineralization OR Potentially Mineralizable 
Nitrogen NOT forest NOT tree” which resulted in 6,665 studies published before the cut-off 
date of 1st July 2014. However, many of these studies were not relevant (described above) in 
the context of this paper or were not found to include sufficient information regarding soil, 
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crop management or crops. A search was also performed using Google Scholar, but no 
additional studies were found relevant to our analysis. From those studies, conference 
abstracts and studies not providing quantitative results were rejected. Finally, 43 studies were 
considered relevant to include in the meta-analysis. These studies provided 494 observations 
for selected crop management practice effects on PMN and 26 observations for PMN and 
yield relationship.  
Relevant data were extracted from each study including crop type, fertilizer type and 
rate, cover crop, tillage system, and duration of the experiment in years. Additional 
information recorded was incubation method, soil sampling time, soil sampling depth, soil 
type (texture), pH, bulk density, SOM, soil organic carbon (SOC), soil total nitrogen, nitrate, 
and ammonium concentrations, mean annual temperature and precipitation, crop yield, and 
state and country where the study was conducted. In instances where relevant information 
was not given, soil information was taken from the Web Soil Survey (Soil survey staff, 2015) 
and efforts were made to contact the lead authors for additional data. When data was only 
provided in graphic format, DataThief III (Tummers, 2006) was used to extract relevant data 
points. In a meta-analysis, the individual variance for a study is required for weighting the 
means and including the uncertainty from individual studies in the uncertainty of weighted 
means.  In most of the studies, standard error or standard deviation were not provided, 
therefore, field experimental design and number of replications were extracted from the study 
to calculate the weightage factor (see equation [3] in Data Analysis section). 
The PMN results were converted, when necessary, to mg N per kg of dry soil. Bulk 
density and soil depth were used to convert the units from mass of N per unit of ground area 
to mass of N per unit mass of soil for studies related to tillage systems. For fertilizer 
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application rate comparisons, the recommended fertilizer rate for that particular cropping 
system was considered the “optimum”. All rates lower than the optimum were considered 
“low”, and all higher rates were considered “high”. For soil depth comparisons, the average 
depth of soil cores was calculated and was recorded as “average soil depth” for each 
observation. This was considered to be the preferred way to obtain the soil depth effect on 
PMN for all tillage system studies. To avoid over- or under-representation of certain studies, 
only the growing season data were used from studies where sampling was conducted 
throughout the year at the same site. A summary of the studies can be found in the 
supplementary section (Supplemental Table S1). 
2.3 Analysis of data quality: All the data included in the database were extracted from peer-
reviewed journal articles and one thesis (Lazicki, 2011, subsequently published as a peer-
reviewed article (Lazicki et al. 2016)). In the articles, net N mineralization data were derived 
from aerobic or anaerobic laboratory incubations where standard methods were used for 
designing and conducting the experiments. Experimental designs were 33% randomized 
complete block design, 24% split plot, 16% split-split plot or block and 9% completely 
randomized design. Eighteen percent of the studies did not report the experimental design. 
2.4 Data analysis:  The effect size was expressed as a ratio between the PMN or yield with 
the defined treatment to PMN or yield of the defined control of that management practice 










The response ratio (RR) for each study was natural log transformed for normality.  
LRR = 𝑙𝑛 (RR) [2] 
Since most studies did not provide enough data to extract a standard deviation for 
each mean, we applied weights by following the method used by Pittelkow et al. (2015), 
using the reported number of replications. 
𝑤 =  
𝑁𝐶 ∗  𝑁𝑇
𝑁𝐶 +  𝑁𝑇
 
[3] 
where NC is the replications of the control and NT is the replication of the treatment.  
The homogeneity among LRR values from all the studies was analyzed. The data were 
analyzed for outliers by plotting each observation against the natural log of the response ratio 
and a box plot (Figure 1).  
The variable weights were forced to add up to 1:  





 Weighted analysis of variance was used to compare mean response ratio for 
different management practices and treatments.  The statistical model used for crop 
management practices was:  
𝐿𝑖𝑗  =  µ +  𝑠𝑖 +  𝑀𝑗  +  𝑒𝑖𝑗 [5] 
where Lij is the natural log of the response ratio of the i
th study with jth level of crop 
management practices, µ is the overall mean, si is the random effect due to the ith level of 
study, Mj is the fixed effect of j





Figure 1. Natural logarithm of the potentially mineralizable nitrogen response ratio [ln(PMN 
of treatment/PMN of control)] (LRRi) for each observation included in the meta-analysis. 
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Next, a second series of analyses of variance was performed for the categorical 
variables within each crop management practice using the statistical model: 
𝐿𝑖𝑗𝑘  =  µ +  𝑠𝑖  + 𝑀𝑗 + 𝐶𝑘 + 𝑀𝐶𝑗𝑘 + 𝑒𝑖𝑗𝑘 [6] 
 where Lijk is the natural log of the response ratio of the i
th study with jth level of crop 
management practices, µ is the overall mean, si is the random effect due to the ith level of 
study, Mj is the effect of j
th level of crop management practices, Ck is the effect of k
th level of 
sub factor (categorical variable within jth level of crop management practices), MCjk is the 
interaction effect of jth level of crop management practices with kth level of sub factor, and eijk 
is the residual error. 
A meta-regression analysis was performed to analyze data for the effect of continuous 
variables such as the duration of the management practice and the soil depth. The statistical 
model used for regression analysis was: 
𝐿𝑖𝑗𝑘  =  𝛽𝑜 + 𝑠𝑖 + 𝑀𝑗 +  𝛽1𝑅𝑘 +  𝛽2𝑀𝑅𝑗𝑘 + 𝑏𝑖𝑅𝑘 +  𝑒𝑖𝑗𝑘 [7] 
 where Lijk is the natural log of the response ratio of the i
th study with jth level of crop 
management practices, βo is the overall intercept across all studies, si is the random effect due 
to the ith level of study, Mj is the effect of j
th level of crop management practices, Rk is the 
effect of kth level of sub factor (continuous variable within jth level of crop management 
practices), β1 is the regression coefficient for continuous variable Rk, MRjk is the interaction 
effect of jth level of crop management practices with kth level of sub factor, β2 is the 
regression coefficient for the interaction Mj x Rk, bi is the random effect due to the i
th level of 
study on regression coefficient β1 and eijk is the residual error.   
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 The relationship between PMN and crop yield was determined by using the 
following linear regression model:  
YRRi = 𝛽𝑜 + 𝑠𝑖 +  𝛽1𝑅𝑅𝑖 +  𝑒𝑖     [8] 
where YRRi is the response ratio of crop yield of the i
th study, βo is the overall 
intercept across all studies, si is the random effect due to the i
th level of study, β1 is the 
regression coefficient for PMN response ratio of ith study (RRi ), RRi is the response ratio of 
PMN, and 𝑒𝑖 is the residual error.  
 All statistical analyses were conducted with R (version 3.4.2). Significant difference 
between treatments was considered if p values < 0.05. Bootstrapping procedures were used to 
generate 95% confidence intervals for weighted mean effect sizes using 500 iterations. 
Results were considered significant for the effect of the treatment compared with the control, 
if the confidence intervals did not overlap with zero log response ratio (or, response ratio =1). 
For ease of interpretation, all results were back transformed to response ratio of treatment to 
control. Percent difference between treatment and control was calculated by subtracting 1 
from response ratio and multiplying the result by 100. 
3. Results 
Potentially mineralizable N responded positively to all conservation agriculture 
practices. On average, systems with N fertilizer application had 44% greater PMN than 
systems with no N fertilizer application. An increase in crop rotation diversity from one to 
two or two to three or more cash crops was associated with 46% higher PMN. However, the 
addition of cover crops had a greater impact; PMN was 104% higher in cropping systems 
with a cover crop in comparison to cropping systems without a cover crop (although the 
17 
 
positive effect was limited to legume cover crops). In contrast, tillage system had relatively 
little effect on PMN; no-till had 13% higher PMN as compared to the cropping systems with 
tillage (Figure 2).  
 
Figure 2. Mean response ratio (RR) [PMN of treatment/PMN of control (without treatment)] 
and 95% confidence interval (horizontal bars) for four different crop management practices. 
The number of observations is displayed in parentheses. 
A very limited number of studies provided PMN and crop yield data: two tillage 
studies, three fertilizer, three crop rotation and one cover crop study. Together, these nine 
studies included 26 comparisons. No significant differences were found among the effect size 
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of crop management practices on crop yield (p= 0.13). However, within each crop 
management practice, cropping systems with N fertilizer had 37% higher crop yield than 
cropping systems with no N fertilizer. Crop rotation and no-till had no effect on crop yield 
when high diversity cropping systems were compared to less diverse systems and no-till 
systems were compared to systems with tillage. In this dataset, just one cover crop study 
reported PMN and crop yield results (three observations), and it showed 48% higher crop 
yield with cover crop compared with no cover crop (Table 1).  
Table 1. Mean response ratio (Yield RR) [crop yield with treatment/crop yield with control] 
and 95% confidence interval (LL - lower limit and UL - upper limit) for crop management 
practices effect on crop yield. In parentheses is the number of comparisons used for each 
practice. 
3.1 Nitrogen Fertilizer: Potentially mineralizable N was greater in cropping systems that 
received N fertilizer (Figure 2). However, the effect differed with N fertilizer source. 
Compared to cropping systems without N fertilizer, PMN was 78% higher in systems 
receiving manure N, 72% higher in systems receiving a combination of manure and inorganic 
N fertilizer, and 52% higher in systems receiving compost N (Figure 3). Cropping systems 
with inorganic N fertilizer had 19% higher PMN, but the effect was not significant. There 
was no interaction between fertilizer type and rate (low, optimum and excessive N fertilizer 
rate); however, fertilizer type had a significant effect (p = 0.02). Compared to systems 
without N fertilizer, systems with inorganic N fertilizer applied at optimum rates had 22% 
Crop Management 
Practices 
Yield RR LL UL 
No-Tillage (2) 1.17 0.94 1.46 
Nitrogen Fertilizer (12) 1.37 1.16 1.61 
Crop Rotation (9) 1.07 0.88 1.35 
Cover Crop (3) 1.48 1.35 1.63 
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higher PMN. However, when inorganic N fertilizer was applied at low and excessive rates, 
PMN was not different from systems receiving no N fertilizer. For the manure application 
rates compared to no manure, the effect was higher with low application rates than that for 
the optimum rates. The systems with excessive rates had 85% higher PMN than no manure 
systems, but was not significantly different from systems with low and optimum rates (Table 
2).  
 
Figure 3. Mean response ratio (RR) [PMN of fertilizer type/ PMN of no fertilizer addition] 
and 95% confidence interval (horizontal bars) for four fertilizer types. The number of 
observations is displayed in parentheses. 
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Table 2. Mean response ratio (RR) and 95% confidence interval (LL - lower limit and UL - 
upper limit) for two fertilizer types and nitrogen application rates effect on PMN. 
Fertilizer 
Type 
N Rate RR LL UL 
Inorganic Low 1.17 0.98 1.42 
Inorganic Optimum  1.22 1.02 1.47 
Inorganic High 1.19 0.99 1.44 
Manure Low 2.12 1.76 2.59 
Manure Optimum 1.34 1.11 1.63 
Manure High 1.85 1.54 2.23 
3.2 Cropping system diversity: An increase from a single crop system (i.e., continuous 
cropping system) to a two-crop rotation did not affect PMN (Figure 4, Supplemental Table 
S2). Moreover, no effect was observed when specifically comparing PMN in corn-soybean 
systems to continuous corn systems. The positive effect of crop rotation was limited to the 
comparisons of three different crops in rotation versus continuous crop systems. PMN was 
44% higher in the three-crop than in the single-crop systems. The duration of the experiment, 
or the number of years the crop rotation had been in practice, had no significant effect on 
PMN (Figure 4). The positive effect of cover crops on PMN was limited to legumes and 
mixed plantings including legumes (Figure 5). Compared to no cover crop, non-legume cover 
crops had no effect on PMN, legume/non-legume cover crop mixtures had 77% higher PMN, 




Figure 4. Mean response ratio (RR) [PMN of high diversity cropping systems/ PMN of less 
diverse cropping systems] of crop rotation type for 5 and 6- 20 years. Horizontal bars 
represent 95% confidence interval. 2/1 represents two crops in rotation versus continuous 
crop system, C-SB/CC represents corn-soybean rotation versus continuous corn system, 
>=3/1 represent three or more crops in rotation versus continuous crop system, and >=3/2 
represent three or more crops in rotation versus two crops in rotation. The number of 





Figure 5. Mean response ratio (RR) [PMN for system with cover crop/ PMN for system 
without cover crop] for three cover crop types and 95% confidence interval (horizontal 
bars). The number of observations is displayed in parentheses. 
3.3 Tillage: Overall, tillage systems differed in PMN; no-till systems had 13% higher PMN 
than systems with tillage (Figure 2). However, tillage types did not differ across soil depth (p 
= 0.99; no-till systems had on average 23% higher PMN than chisel and moldboard plow 
tillage systems, to an average 15 cm soil depth (Figure 6). Also, there was no effect of depth 




Figure 6. Mean response ratio (RR) [PMN of no-till systems/PMN of systems with tillage 
(chisel or moldboard plow)] of two tillage types for four depth increments. Horizontal bars 
represent 95% confidence interval. NT/MP represents no-till versus moldboard plow, and 
NT/CP represents no-till versus chisel plow. The number of observations is displayed in 
parentheses.  
Study duration had no significant effect on the response of PMN to no-till compared 
with chisel and moldboard plow tillage (Figure 7). In relatively short-term 5-year 
comparisons, PMN was 35% higher in no-till systems than in chisel and moldboard plow 
tillage systems. However, in relatively long-term 15-year comparisons, PMN in no-till 
systems was 25% higher than in the systems with moldboard plow tillage but was not 
significantly different from systems with chisel plow tillage (Figure 7). In addition, there was 




Figure 7. Mean response ratio (RR) [PMN of no-till systems/PMN of systems with tillage] of 
tillage types for 5, 10 and 15 years. Horizontal bars represent 95% confidence interval. 
NT/MP represents no-till versus moldboard plow, and NT/CP represents no-till versus chisel 
plow. The number of observations is displayed in parentheses. 
3.4 Crop yield and PMN relationship:  The crop yield response ratio and PMN response 
ratio were positively associated; treatments with PMN response ratio greater than 1 also had 
crop yield response ratio greater than 1. The only exception to this association was one data 
point which was related to excessive fertilizer application rate compared to no fertilizer 
(Figure 8). Although PMN and crop yield were associated, they were not correlated (p = 




Figure 8. Yield response ratio (Yield RR) [Yield of treatment/Yield of Control] vs. potentially 
mineralizable nitrogen response ratio (PMN RR) [PMN of treatment/ PMN of control]. 
4. Discussion 
Our results are consistent with the concept that PMN is an important indicator of soil 
quality that positively impacts crop yield (Drinkwater, 1996; Idowu et al., 2008). Although 
PMN and yield were not significantly correlated, conservation agriculture practices 
consistently increased both. Therefore, increased N supply in the conservation agriculture 
treatments may be one reason for the boost in crop yield. It is not surprising that the increases 
in yield and PMN were not correlated because PMN characterizes the potential N 
mineralization; in the field, weather and management control the actual rates of N 
mineralization (Drinkwater et al., 1996).  
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4.1 Nitrogen Fertilizer:  The positive impact of N fertilizer application on PMN is likely due 
to the positive response of plant growth and crop residue input to fertilizer application 
(Mitchell et al., 1991; Russell et al., 2009; Ladha et al., 2011; Brown et al., 2014). However, 
the magnitude of the positive effect of N fertilizer on PMN varied depending on type and rate 
of fertilizer application (Table 2). Manure application may have a greater effect on PMN than 
inorganic N because manure-N input is a direct addition to the pool of PMN while fertilizer 
N indirectly increase the pool of PMN by increasing crop residue inputs. The response of 
PMN across the range of insufficient to optimum and excessive inorganic N fertilizer input 
(Table 2) is consistent with the response of crop residue input and SOM across the same 
range of N input (Poffenbarger et al. 2017).  
4.2 Crop diversity: Overall, an increase in PMN occurred with an increase in crop diversity 
either by increasing the number of crops in the rotation or including cover crops into the 
system. An increase in crop diversity typically alters crop management practices and adds 
different quality and quantity of crop residue to the soil. This impacts the physical, chemical 
and biological properties of the soil (Bennett et al., 2012). Cropping system diversification 
can also lead to greater total soil N and microbial biomass N as compared to continuous 
cropping systems (McDaniel et al., 2014). However, our meta-analysis shows that for crop 
rotation, a positive effect was observed only when three or more crops were compared with a 
continuous crop system.  
There was no difference in PMN between continuous corn systems and corn-soybean 
rotation systems. This result supports evidence that soybeans are not net contributors of N to 
the soil even though N recommended for corn following corn is generally higher than that for 
corn following soybeans (e.g., Poffenbarger et al., 2017). The difference in corn N fertilizer 
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requirement among these crop systems may be best viewed as a ‘continuous corn penalty’ 
(Gentry et al., 2013). Lower N fertilizer requirements in corn following soybeans likely 
results from lower crop residue on the soil surface and lower C:N of soybean residue, which 
promotes SOM mineralization (Gentry et al., 2001). Indeed, crop residue harvest in corn 
following corn reduces optimum N fertilizer input by enhancing SOM mineralization 
(Pantoja et al., 2015). 
Consistent with these results, Russell et al., (2009) found that SOC accumulation is 
higher for systems with three crops in rotation, and the continuous corn and corn-soybean 
systems have similar and lower amounts of SOC than more diverse cropping systems. 
McDaniel et al. (2014) found the same pattern for microbial biomass. In addition, SOC 
accumulation was better correlated with the belowground organic matter input (from roots) 
as compared to aboveground residue input. Roots are in close proximity with soil microbes 
and minerals; therefore disproportionately impacting SOM accumulation (Rasse et al., 2005). 
When a third crop is added to the rotation, it is often a crop with a larger rooting system than 
corn or soybeans (e.g., Davis et al., 2012; Ball et al., 2005).   
The lack of time since study initiation (i.e., duration) and crop rotation interaction 
suggests that crop rotation is a rapid approach to enhance PMN. Diversified cropping 
systems have a wide variety of organic inputs, which promote a diverse suite of decomposer 
organisms that contribute to greater soil biological activity (McDaniel et al., 2014; Tiemann 
et al., 2015). The greatest effect of diversity was found when we compared systems with 
three or more crops in rotation to continuous cropping systems because the difference 
between the size and diversity of the microbial community may be more pronounced for this 
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comparison than other comparisons of crop diversity (Campbell et al., 1991; Moore et al., 
2000). 
The addition of legume cover crops into the cropping system had the greatest impact 
on PMN as compared to all other management practices. Legume and legume/non-legume 
cover crop mixtures can affect PMN in a number of ways. McDaniel et al., (2014) observed 
an increase in total soil C and N for systems with cover crops compared to no-cover crop 
systems. Cover crops extend the primary productivity period, which reduces the N losses 
from the system and provides additional residue input, which can increase SOM and PMN 
(Tonitto et al., 2006; Moore et al., 2014). The non-legume cover crops retain N in the system, 
whereas legume cover crops retain N in the system and add N to the system from 
atmospheric fixation. Moreover, legumes produce crop residues that rapidly mineralize 
(Tonitto et al., 2006; Kramberger et al., 2014).  
4.3 Tillage: No-till systems can build or maintain SOM in the surface soil by increasing the 
residue cover, altering the energy balance, and reducing erosion losses (Baker et al., 2007).  
In contrast, chisel and moldboard plows loosen surface soil and promote SOM 
mineralization, which can reduce SOM content. Unfortunately, soil sampling in the 
moldboard plow tillage system studies included in our meta-analysis was limited to the plow 
layer (0- 30 cm); whereas tillage system can affect the distribution of SOM by altering soil 
compaction and root distribution to a much deeper depth. In addition, shallow sampling 
could underestimate the soil N supplying capacity due to transportation and accumulation of 
soil N below the plow layer (Angers and Eriksen-Hamel, 2008 and Baker et al., 2007).  
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4.4 Crop yield and PMN: It is notable that 24 of 26 observations fall in the positive quadrant 
(1st quadrant), which means that the conservation practices increased PMN and yield (Figure 
8). However, the lack of a statistical correlation between increase in PMN and yield may be 
due to the fact that yield depends on the actual mineralization that takes place in the field 
instead of PMN which is a laboratory potential. Soils with similar amounts of PMN can have 
very different N mineralization depending on the specific environmental conditions 
(Drinkwater et al., 1996). The PMN is a laboratory estimation of the fraction of soil N that 
could be mineralized, but soil moisture and temperature control actual N mineralization 
during the growing season. Potentially mineralizable N is necessarily different from the 
actual N mineralized in the field or plant available N, which correlates with the crop yield but 
not with soil total N or PMN (Drinkwater et al., 1996).  
5. Conclusion 
 Consistent with the use of PMN as a soil health indicator, this meta-analysis provides 
a sound basis for the potential of conservation agriculture practices to benefit both the PMN 
and crop yield. Our meta-analysis shows that conservation practices have the potential to 
increase PMN in the surface soil. However, it also indicated that not all the conservation 
practices provided similar benefits to PMN. Non-leguminous cover crop systems when 
compared to systems with no cover crop, and no-till system as compared to chisel plow 
tillage systems in the long-term provided no clear benefit to PMN. In addition, this analysis 
showed that PMN and crop yield were not correlated, although they were positively 
associated. A limitation of this analysis was that only 16% of the studies reported crop yields 
and therefore we were not able to relate PMN with crop yield for individual crop 
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management practices. In the future, additional analyses that report both PMN and crop yield 
will be required to directly link laboratory measurements of PMN to crop production. 
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Table S1. Summary of studies included in the meta-analysis. 
Management 
Practice 
Publication Year Location Methods 






Air dried soil, aerobic 
incubation and leaching 
 El-Haris et al. 1983 Washington 
Air dried soil, aerobic 






Field moist soil, aerobic 




1995  Texas 




Garcia et al. 
1997 Texas 




1999 North Dakota 
Field moist soil, aerobic 
incubation and leaching 
 Eghball et al. 2000 Nebraska 






Field moist soil, anaerobic 
incubation 
 Wright et al. 2005 Texas 
Air dried soil, aerobic 
incubation, Net N mineralized 
 Mikha et al. 2006 Kansas 
Field moist soil, aerobic 
incubation and leaching, first 
order exponential model 
 Sharifi et al. 2008 Canada 
Air dried soil, aerobic 




Table S1. (continued)    
 Watts et al. 2010 Alabama 
Field moist soil, anaerobic 
incubation, Net N mineralized 
 Spargo et al. 2011 Maryland 
Field moist soil, aerobic 
incubation, first order kinetic 
model 
 Sainju et al. 2012 Montana 
Air dried soil, aerobic 
incubation 
Fertilizer El-Haris et al. 1983 Washington 
Air dried soil, aerobic 






Field moist soil, aerobic 






Aerobic incubation and 
leaching 
 Kingery et al. 1996 Alabama 
Field moist soil, aerobic 
incubation 
 Dou et al. 1996 Pennysylvania 
Air dried soil, aerobic 




1999 North Dakota 
Field moist soil, aerobic 
incubation and leaching 
 Eghball 2000 Nebraska 






Field moist soil, aerobic 
incubation and leaching, first 
order kinetic model 
 Sanchez et al. 2001 Michigan 
Field moist soil, aerobic 
incubation, Net N mineralized 
 Sainju et al. 2003 Georgia 
Field moist soil, non-fumigated 





Field moist soil, aerobic 
incubation and leaching, non-
linear regression 
 Russell et al. 2006 Iowa 
Field moist soil, Net N 
mineralized 
 Mikha et al. 2006 Kansas 
Field moist soil, aerobic 
incubation and leaching, first 





Air dried soil, aerobic 
incubation, Net N mineralized 
 Balkom et al. 2009 Iowa 
Field moist soil, anaerobic 
incubation, Net N mineralized 
 Sainju et al. 2010 Alabama 
Air dried soil, aerobic 
incubation, Net N mineralized 
39 
 





Air dried soil, aerobic 
incubation, Net N mineralized 
 Wild et al. 2011 California 
Anaerobic incubation, Net N 
mineralized 
 Mohanty et al. 2011 India 
Air dried soil, aerobic 
incubation, first order kinetic 
model 
 Aita et al. 2012 Brazil 
Aerobic incubation, Net N 
mineralization 
 Dempster et al. 2012 Australia 
Field moist soil, aerobic 





Field moist soil, aerobic 
incubation, zero order reaction 
 Johnson et al. 2012 Wisconsin 
Air dried soil, aerobic 
incubation, Net N mineralized 
 Mohanty et al. 2013 India 
Air dried soil, aerobic 




Rahman et al. 
2013 Bangladesh 
Air dried soil, aerobic 
incubation, first order kinetic 
model 
Crop Rotation El-Haris et al. 1983 Washington 
Air dried soil, aerobic 
incubation, leaching, non-linear 
regression 





Field moist soil, aerobic 











Air dried soil, aerobic 




1999 North Dakota 
Field moist soil, aerobic 





Field moist soil, aerobic 
incubation and leaching, first 
order kinetic model 
 Sanchez et al. 2001 Michigan 
Field moist soil, aerobic 
incubation, Net N mineralized 
 Liebig et al. 2002 Nebraska 






Field moist soil, aerobic 
incubation and leaching, non-
linear regression 
 Russell et al. 2006 Iowa 




Table S1. (continued) 
 Spargo et al. 2011 Maryland 
Field moist soil, aerobic 






Air dried soil, aerobic 
incubation, Net N mineralized 
 Sainju et al. 2012 Montana 
Air dried soil, aerobic 
incubation 
 Culman et al. 2013 Michigan 
Field moist soil, anaerobic 
incubation, Net N mineralized 
 Lazicki 2011 Iowa 
Air dried soil, anaerobic 
incubation 
Cover Crops Kuo et al. 1996 Washington 
Air dried soil, aerobic 
incubation, non-linear 
regression 
 Dou et al. 1996 Pennsylvania 
Air dried soil, aerobic 





Air dried soil, aerobic 
incubation, first order kinetic 
model 
 Sanchez et al. 2001 Michigan 
Field moist soil, aerobic 
incubation, Net N mineralized 
 Sainju et al. 2003 Georgia 
Field moist soil, non-fumigated 
incubation, Net N mineralized 
 Rao and Li 2003 Florida Aerobic incubation 
 Mohanty et al. 2011 India 
Air dried soil, aerobic 




Rahman et al. 
2013 Bangladesh 
Air dried soil, aerobic 





Table S2. Analysis of variance and mean response ratio for crop diversity effect on PMN. 
(2/1 – two crops in rotation versus continuous cropping system, >=3/1 – three or more crops 
in rotation versus continuous cropping system and >=3/2 – three or more crops in rotation 
versus two crops in rotation). 
Source F Value Pr >F 
Crop Rotation 8.01 <.0001 
 
Crop Rotation RR LL UL 
2/1 1.02 0.95 1.09 
C-SB/Cont. Corn 1.04 0.96 1.11 
>=3/1 1.44 1.35 1.53 
>=3/2 1.12 0.91 1.39 
 
Table S3. F and P values for tillage type and soil depth effect on PMN in a mixed model 
regression analysis (NT/MP - no-till versus moldboard plow and NT/CP - no-till versus 
chisel plow). 
Source F Value Pr >F 
Tillage Type 0.00 0.9856 
Depth 0.01 0.9266 
Tillage Type * Depth 0.03 0.8584 
 
Tillage Type Depth RR LL UL 
NT/CP 2.50 1.23 1.07 1.41 
NT/MP 2.50 1.24 1.07 1.42 
NT/CP 5.00 1.22 1.06 1.40 
NT/MP 5.00 1.24 1.08 1.43 
NT/CP 10.00 1.21 1.05 1.38 
NT/MP 10.00 1.25 1.08 1.43 
NT/CP 15.00 1.20 1.04 1.37 
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Abstract 
Inorganic nitrogen (N) fertilizer is critical to support high-input, low-diversity 
agroecosystems that occupy an increasingly large proportion of global land use. The 
possibility that N fertilizer increases soil organic matter (SOM) mineralization and, as a 
result, reduces SOM stocks has led to a great debate about the long-term sustainability of 
these agroecosystems as well as the best method to estimate fertilizer N use efficiency 




mineralization is partly due to the potential for direct and indirect effects of N fertilizer on 
SOM mineralization. Nitrogen fertilizer can directly affect SOM mineralization by altering 
microbial activity. It can also indirectly affect SOM mineralization by increasing net primary 
productivity (NPP), which reduces soil moisture and temperature but increases organic 
matter inputs. Here, we test the hypothesis that N fertilizer has a direct positive effect on 
SOM mineralization. In 2015, we measured the effect of inorganic N fertilizer on SOM 
mineralization via gross ammonification at two long-term experiments in central and 
southern Iowa, USA. Both experiments had plots with continuous maize that received one of 
three ‘historical’ N fertilizer rates (zero, moderate or high) for the previous 15 years (1999-
2014). In 2015, prior to our measurements of gross ammonification, we split the historical N 
fertilizer rate plots into two subplots that received either the site-specific agronomic optimum 
N rate (AONR) or zero N fertilizer. At the onset of rapid maize N uptake, N fertilizer 
reduced gross ammonification by 12-15%. A companion laboratory experiment rejected the 
hypothesis that differences in NPP and soil moisture explain the negative effect of N 
fertilizer on SOM mineralization. Moreover, NH4
+ pool size was negatively associated with 
gross ammonification rate. Thus, we conclude that NH4
+-N fertilizer had a direct suppressive 
effect on SOM mineralization. These results demonstrate that the direct effect of N fertilizer 
on microbial activity can exceed the indirect effects via large changes in NPP. The 
magnitude of this effect and specificity to NH4
+-N fertilizer has significant implications for 
fertilizer management as well as the measurement and modeling of agroecosystem N 





Efficient use of nitrogen (N) fertilizer is important for economical crop production, 
environmental quality, and human health (Cassman et al. 1999). In some regions of the 
world, excessive and inefficient inorganic N fertilization harms the environment. In other 
regions of the world, more inorganic N fertilization would boost crop production and 
human health (Vitousek et al., 2009). However, there is a great debate about the long-term 
sustainability of inorganic N fertilization (Robertson et al. 2013). Some reports indicate 
that it enhances soil organic matter (SOM) mineralization and thus reduces SOM stocks 
(Mulvaney et al., 2009; Russell et al., 2009), while other reports indicate that it has a 
positive effect on SOM stocks because it increases net primary productivity (NPP; 
Poffenbarger et al., 2017). The fact that agronomically optimum N fertilizer application 
increases NPP and organic matter inputs to the soil is incontrovertible. However, N 
fertilizer has been suggested to increase SOM mineralization to the point that positive 
effects of N fertilizer on NPP are completely offset, and the net effect of N fertilizer on 
SOM stocks becomes negative (Russell et al., 2009).  Much of this uncertainty is because 
inorganic N fertilizer can affect SOM mineralization via several pathways. 
Inorganic N fertilizer can directly affect SOM mineralization by altering microbial 
activity and biomass. Stoichiometric decomposition theory predicts that if N is a limiting 
resource, inorganic N inputs will increase microbial biomass and activity thereby increasing 
SOM mineralization to meet additional carbon (C) and nutrient demands (Sterner & Elser, 
2002; Chen et al., 2014). In contrast, microbial N mining theory predicts that if N is a 
limiting resource, inorganic N inputs will decrease SOM mineralization by decreasing the 




access N-containing compounds (Moorehead & Sinsabaugh, 2006; Craine et al., 2007). 
These direct effects of N fertilizer are often described as positive and negative priming of 
SOM mineralization (Horwath, 2017).  
Inorganic N fertilizer can also indirectly affect SOM mineralization via changes in net 
primary productivity (NPP), and these changes can be particularly important in maize-based 
agroecosystems where inorganic N fertilizer inputs can increase NPP by more than 200% 
(Cheng, 2009; Poffenbarger et al., 2017). This large increase in NPP reduces soil moisture 
and temperature, which decreases SOM mineralization (Parton et al., 1987). In contrast, 
increased NPP can also increase rhizodeposition, which can increase SOM mineralization by 
building microbial biomass or increasing enzyme activity (Cheng, 2009; Chen et al., 2014).  
The net of effect of inorganic N fertilizer on SOM mineralization is critical to 
environmental outcomes from crop production because, in North American maize-soybean 
systems, >50% of N losses to the environment are attributable to N mineralized from SOM 
that is not accessed by the crop due to a lack of synchrony between N mineralization and 
crop N uptake (Martinez-Feria et al. 2018). For example, in this region, nitrate leaching is 
statistically similar between fertilized maize and unfertilized soybean (Strategy, 2013). 
Nevertheless, SOM mineralization can be so large in these systems that N mineralized from 
SOM – rather than N fertilizer – is typically the greatest direct source of crop N uptake 
(Stevens et al. 2005; Gardner & Drinkwater 2009)  
This uncertainty about how N fertilizer affects SOM mineralization has also led to 
confusion about the accuracy of methods to measure fertilizer N use efficiency (FNUE) – 




Typically defined as the percentage of fertilizer N recovered in aboveground plant biomass, 
FNUE is an important parameter to estimate N use efficiency (NUE) of cropping systems 
(Cassman et al., 2002). Currently, two methods are used to determine FNUE, however, they 
consistently produce different results. The ‘N difference’ method is an indirect measure that 





∗ 100         (eq. 1)  
where, NF = total plant N uptake from fertilized plots, NC = total N uptake from 
unfertilized plots and R = rate of N fertilizer applied (Varvel and Peterson, 1990). In contrast, 
the ‘15N tracer’ method is a direct measure that calculates FNUE based on plant uptake of an 
isotopically labelled fertilizer (Hauck and Bremner, 1976):  
 
plant uptake of 15N labelled fertilizer
amount of fertilizer 15N applied
 ∗ 100       (eq. 2) 
The ‘N difference’ method (eq. 1) typically estimates greater FNUE than the direct 
‘tracer’ method (eq. 2; Jansson and Persson, 1982; Cassman et al., 2002).  
This result is consistent with the suggestion that N fertilizer enhances SOM 
mineralization (Khan et al., 2007; Robertson  et al., 2013) and has been hypothesized to be a 
consequence of a positive ‘priming effect’ (Fontaine et al., 2003; Cheng, 2009; Kuzyakov, 
2010). In this case, N fertilizer is hypothesized to increase SOM mineralization (i.e., positive 
priming) so that the N-fertilized (NF, eq. 1) plot has greater non-fertilizer inorganic N 




by the ‘N difference’ method. This process would violate the methodological assumption that 
crop N uptake in the unfertilized treatment accurately represents non-fertilizer N uptake in 
the fertilized treatment (i.e., mineralized SOM is equal in the fertilized and unfertilized 
plots). In contrast, the ‘15N tracer’ method may provide an artificially low FNUE due to ‘pool 
substitution’ (Cassman et al., 2002). In this case, 15N fertilizer substitutes with native SOM-N 
during N immobilization-mineralization processes without a net change in the inorganic N 
pool size. This dilutes the 15N enrichment of fertilizer, resulting in artificially low FNUE 
(Hauck and Bremner, 1976; Jansson and Persson, 1982; Harmsen and Moraghan, 1988). Pool 
substitution of 15N is particularly pronounced where rates of N immobilization are high, such 
as in soils with large amounts of high C/N ratio plant residue (Jenkinson et al., 1985). 
We had two objectives: First, at two key times of maize growth, we determined the 
magnitude of the N fertilizer effect on SOM mineralization and the type of the effect (direct 
or indirect). Second, we used our results from the first objective to evaluate the ‘N 
difference’ method for FNUE measurement. We exploited two Midwest USA continuous 
maize (Zea mays L.) cropping systems with different soil types and managements. Both 
systems had been consistently managed from 1999-2014. We hypothesized that inorganic N 
fertilization increases SOM-N mineralization, which artificially increases FNUE when 
measured with the ‘N difference’ method.  
2. Materials and Methods 
2.1. Site History: 1999-2014 
This study was conducted at two sites: central Iowa (42o00’37.3” N; 93o47’20.1” W) 




glacial history, but have been managed as annual cropland for more than 25 years. Mean 
annual temperature for 1994-2014   was 9.1o C at the central site and 9.5o C at the southern 
site; mean annual precipitation was 970 mm at the central site and 980 mm at the southern 
site (ISU, Iowa Environment Mesonet, 2017). The central site is underlain by artificial 
subsurface drainage whereas the southern site is not. Largely due to the different soil 
properties and drainage management, there is a large difference in water-limited maize yield 
potential at the two sites (Table 1).  
In 1999, experiments were established to determine grain yield response to inorganic 
N fertilizer and the N fertilizer rate at which yield no longer positively responds to additional 
N fertilization (i.e., the AONR) in continuous maize cropping systems at each site. Individual 
plots received one of five (central) or seven (southern) N fertilizer rates ranging from 0 to 
269 kg N ha-1y-1. The experimental design was a randomized complete block with four 
replicates of each N fertilizer rate. Each plot received the same N fertilizer rate from 1999 to 
2014. All experimental plots were conventionally managed with fall chisel plowing and 
spring secondary tillage before planting. All nutrients (other than N) and pH were maintained 
for optimum production. Compared to the central site, the southern site had a greater long-
term AONR despite lower maize yields (Table 1). Data about historical crop yield response 
to N fertilizer and long-term change in soil organic carbon from 1999-2014 are reported in 
Poffenbarger et al. (2017).  
2.2. Experimental design: 2015 
The study reported herein was conducted in 2015. For this study, we selected three of 




central and southern sites, respectively), and high (269 kg N ha-1). Based on the 1999-2014 
data, at the central site, the moderate rate was the AONR and the high rate was 33% greater 
than AONR while at the southern site, the moderate rate was 16% lower than the AONR and 
the high rate was the long-term AONR. At both sites, the 1999-2014 average yield at zero N 
was less than 50% of 1999-2014 average yield at the AONR (Poffenbarger et al. 2017). From 
here forward, we refer to the historical rates as zero, moderate and high.   
Ideally, at both sites, we would have selected the historical zero rate, the AONR, and 
a rate greater than the AONR. Unfortunately, the southern site did not include a rate greater 
than the AONR. However, two of the three selected rates are directly comparable across the 
two sites with reference to the effect on maize yield: the zero and AONR.  
In 2015, we split the main long-term plots receiving the three selected historical N 
rates (zero, moderate, and high) into two subplots (Figure 1). Regardless of the historical N 
rate, one subplot received the long-term average site-specific AONR and one subplot 
received no N fertilizer. A 107-day maturity maize hybrid (FS 57QX1) was planted at 
~89000 seeds ha-1 on May 13 at the central site and on April 28 at the southern site. Within 7 
d of maize planting, the 1999-2014 AONR at the central (202 kg N ha-1) and southern sites 
(269 kg N ha-1) was surface applied as a solution of NH4NO3 (contains 34% total N in 50% 
NH4
+
 and 50% NO3
-
 forms) to one subplot whereas no N (0 kg N ha
-1) was applied to the 
other subplot. Thus, the 2015 experiment included: 3 historical N rates x 4 replicates plots 
per historical N rate x 2 subplots per historical N rate = 24 subplots per site. Each individual 





































5-74-21 1.29 No 9.8 1226 269 9.38 
Bulk density was measured on 0-15 cm soil samples. 2015 cumulative precipitation and mean temperature over the study year for each location (2015). Precipitation and 
temperature data were from Iowa Environment Mesonet (ISU, Iowa Environment Mesonet, 2017). *Long-term Agronomic optimum N rate (AONR) and maize yield at the 
AONR from 2000-2014. 
 
 
Figure 1. An example of one replicate experimental block. Main plot (columns): the historical N rates, which included, zero (0 kg N 
ha-1), moderate (202 and 224 kg N ha-1at central and southern sites respectively) and high (269 kg N ha-1). The split plot (rows): the 




2.3. Measuring historical N fertilizer effects on total soil organic carbon and nitrogen 
In 2014, soils were sampled from 0-15 cm depth in each main plot using 2.5 cm 
diameter cores after harvest and before tillage. Bulk density was determined for each block at 
both the sites by dividing the mass of dry soil (dried at 105O C for 24 hours) to the volume of 
soil. Total soil organic C and N were determined for the main plots on air-dried and finely 
ground soil dry combustion elemental analysis using Vario Max CN analyzer (Elementar 
Americas, Mt. Laurel, NJ). Bulk density measurements taken within each block at each site 
was used to scale the measurements to a mass per area basis. 
2.4. Measuring soil moisture, inorganic N pool size, and gross ammonification in fresh soils 
In 2015, on two sampling dates per site, soil samples were collected at a depth of 5-15 
cm from all subplots for gross ammonification assays. The two sample dates at each site 
corresponded to the V5 maize growth stage (5 collared leaves): 16 June, 2015 at central and 
2 June, 2015 at southern site, and V12 maize growth stage (12 collared leaves): 21 July, 2015 
at central site and 8 July, 2015 at southern site. These growth stages are coincident with the 
onset and midpoint of maximum rate of maize N uptake (Abendroth et al., 2011). At each of 
the four sampling events (2 sites x 2 sample times), ten soil cores of 2.5 cm diameter (5-15 
cm soil depth) were taken from random locations capturing different parts of the maize row 
and inter-row areas within each subplot and bulked to represent one sample for each subplot. 
The depth was selected to collect a soil sample that was representative of the depth of high N 
uptake and that avoided daily weather variation effects. Soil samples were transported to the 
lab in an insulated cooler. Each bulked sample from each subplot was passed through an 8 




content analysis by oven drying the soil at 105o C for 24 hours and calculating the mass of 
water lost as a percentage of the mass of the dry soil. Nitrate and ammonium pool size was 
determined by extracting 10 g soil sample with 50 ml 2 M potassium chloride (KCl) and 
determining the concentrations by colorimetry method (Hood-Nowotny et al., 2010). 
 Additional subsamples were taken from bulked samples of each subplot and analyzed 
for mineralization rates via gross ammonification rate during a 24 h incubation. Ideally, these 
assays would be made in situ, however, this approach provides the best possible 
approximation of in situ gross ammonification in our soils because preliminary analyses of 
gross ammonification from multiple Iowa sites determined that sieving and re-packing was 
required to meet the assay assumption of equal NH4
+-N pool size in the two cores per subplot 
(Osterholz et al., 2017), which is not surprising given the high cation exchange capacity of 
these soils coupled to the NH4NO3 fertilizer application (Hart et al., 1994). Gross 
ammonification rate was determined by using the 15N pool dilution approach (described in 
section 2.6) within 24 hours of field sampling; assays were made at the sampled moisture 
content (which differed across treatments) and room temperature (21oC) which was very 
similar to field temperature.  
2.5. Isolating the effect of inorganic N fertilizer on gross ammonification 
To isolate the direct effect of N fertilizer application on N mineralization rates from 
the indirect effects of NPP, we conducted additional gross ammonification rate assays that 
controlled for potential effects of NPP. These assays were conducted on the same soils 
collected for measurement of gross ammonification at the V5 growth stage (see Section 2.4). 




used soils collected from subplots that historically received zero N fertilizer and zero N 
fertilizer in 2015 (Figure 1). Prior to analysis, the samples were refrigerated at 4oC. Soils 
were then brought to room temperature and each sample was split into two subsamples. One 
subsample received NH4NO3-N fertilizer at an amount that brought the inorganic N 
concentration to a level similar to that of soils from zero N plots that received the AONR in 
the field; the other subsample received zero N fertilizer. Identical soil moisture and 
temperature were maintained the same across subsamples. Thus, inorganic N concentration 
was the only difference between these subsamples. After fertilizer addition, gross 
ammonification was determined following the methods described below. 
2.6. Gross ammonification assays of SOM mineralization 
Gross ammonification was measured with the standard 15N isotope dilution method 
(Hart et al. 1994). Subsamples (60-100 g dry equivalent weight of fresh or refrigerated soil) 
were taken from each 500 g soil sample (section 2.4) and injected with 15NH4Cl (40 mg L
-1, 
99% 15N) solution in ten small aliquots using sideport needles. Across all assays, the addition 
of 15NH4Cl solution increased the final ammonium pool size by 5-32% and the final atom % 
15N enrichment ranged between 0.8 - 4.4%. Samples were then split into four subsamples: 
one subsample was extracted immediately after injection for determination of initial NH4
+-N 
pools and initial atom% 15N enrichment, and the three was incubated at room temperature at 
23o C for 24 hours before extraction to determine final NH4
+-N pool and final atom% 15N 
enrichment (three subsamples were averaged to get one representative final pool size and 
atom % enrichment). Both initial and incubated subsamples were extracted using 2 M KCl 
and total NH4
+-N content was determined using colorimetric method. Subsamples were 




Isotope ratios were determined by mass spectrometry (using a Europa Scientific SL-2020 
system, Sercon Ltd., Cheshire, UK) at the Utah State University Stable Isotope Laboratory. 
Gross ammonification rates were calculated using the equations from Kirkham and 
Bartholomew (1954): 
𝑚 =  
𝑀𝑜−𝑀1
𝑡
  x  
log (𝐻𝑜𝑀1/𝐻1𝑀𝑜)
log(𝑀𝑜 𝑀1⁄ )
    (eq. 3) 
where Mo = initial 
14N+15N pool (µg N g-1 dry soil), M1 = post-incubation 
14N+15N pool (µg 
N g-1 dry soil), Ho = initial 
15N pool (µg N g-1 dry soil), H1 = post-incubation 
15N pool (µg N 
g-1 dry soil), m = mineralization rate (µg N g-1 dry soil d-1), and t = time (1 d for the present 
study). Blank correction was done by Stark and Hart (1996) method, using diffused and non-
diffused isotope standards.  
2.7. Maize yield in 2015 
Ears were collected by hand from the center two rows of each subplot (yield area = 
3.48 m2) at physiological maturity. The entire sample was weighed fresh, and then a six-ear 
subsample was dried at 60⁰C. After drying the subsample, the grain was removed from the 
cobs and each component (grain and cobs) was weighed separately. The grain dry matter 
yield (in kg ha-1) was calculated by adjusting the fresh ear weight of the entire area to a grain 
dry weight using the moisture content and grain:cob ratio of the six-ear subsample. 
2.8. Data and Statistical analysis 
 The gross N mineralization rate difference was calculated by subtracting gross N 
mineralization rate in the zero-N treatment from that in the AONR treatment.  
 Data were analyzed separately for each site, due to differences in historical N rates, 




analyzed using a linear mixed model where historical N rates (main plot), AONR application 
in 2015 (split plot) and maize growth stage (repeated measure) were treated as fixed factors 
and blocks as a random factor. Maize grain yield (at 15.5% moisture) data were analyzed 
using a linear mixed model with historical N rates (main plot) and AONR in 2015 (split plot) 
as fixed factors and block as random factor. The SOC, and soil total N data were analyzed 
using linear mixed model with historical N rate as a fixed factor and block as a random 
factor. All data analyses were done using PROC MIXED in SAS/STAT software, version 9.3 
(SAS Institute Inc., Cary, NC).  
3. Results 
3.1 Historical N fertilizer rate effect on total soil organic C and N 
There was a significant effect of the historical 15-year N fertilizer application on total 
SOC and total soil N concentrations. At the central site, the moderate and high historical N 
rate treatments had 20 and 15% higher total SOC concentrations and 17 and 14% higher total 
N concentrations than the historical zero N treatment (Table 2). At the southern site, the high 
historical N rate treatments had 6% higher total SOC concentrations and 7% higher total N 
concentrations than the historical zero N treatment, whereas low and moderate rates had 






Table 2. Mean soil organic C and total N (g kg-1) (95% confidence interval) for historical N rates at central and Southern Iowa sites. 
Site Historical N rate SOC (g kg-1) Total N (g kg-1) 
Central Zero 18.23(14.17, 22.28) b  1.63 (1.37, 1.88) b 
Central Moderate 21.73 (17.67, 25.78) a 1.93 (1.67, 2.18) a 
Central High 20.9 (16.85, 24.95) a 1.85 (1.59, 2.11) a 
Southern Zero 21.95 (20.96, 22.94) b 1.83 (1.71, 1.94) b 
Southern Moderate  23.05 (22.06, 24.04) ab 1.93(1.81, 2.04) ab 
Southern High 23.35 (22.36, 24.34) a 1.98 (1.86, 2.09) a 
Soil organic C and total N were measured on 0-15 cm soil samples in 2014. Different letters represent significant statistical differences among historical 













3.2 Maize yield in 2015   
At both the sites and across all historical N rates, maize yield was greater in 
treatments receiving the AONR versus zero-N (Figure 2). At the central site, maize yield in 
the AONR was 114% greater than the zero-N treatment regardless of historical N rate. 
However, at the southern site, the difference in maize yield between the plots receiving the 
AONR and zero-N decreased with increasing historical N rates: the AONR increased maize 
yield by 119, 78 and 71% for historical fertilizer rates of zero, moderate and high N rates, 
respectively (Figure 2).  
 
Figure 2. Mean maize yield (Mg ha-1) in continuous maize system for three historical N rates 
of zero, moderate (202 and 224 kg ha-1 yr-1 for central and southern sites, respectively) and 
highest rate (269 kg ha-1 yr-1), applied with agronomic optimum N Rate (AONR) and zero N 





3.3 Soil moisture, inorganic N pool size, and gross ammonification assays of SOM 
mineralization rates in fresh soils 
On average, across all historical N fertilizer rates and growth stages, the soil NH4
+-N 
pool size was 11 and 48% greater in the AONR vs. zero-N subplots at central and southern 
Iowa sites, respectively (Figure 3). However, at the southern site at the V5 maize growth 
stage, the NH4
+-N pool size decreased with increasing historical N rate and the soil NH4
+-N 
pool was only significantly higher in the AONR vs zero-N subplots at this early growth stage 
(119% higher than without AONR application). There was no significant difference between 
the NH4
+-N pool sizes in AONR vs. zero-N subplots at the V12 stage.  
The soil NO3
--N pool size was higher in the AONR compared to the zero-N treatment 
(277 and 217% greater at central and southern Iowa sites, respectively; Figure 3). However, 
there was a significant interaction between the 2015 AONR application and maize growth 
stage. At the V5 growth stage, the NO3
--N pool size was 623 and 708% higher in the AONR 
than in the zero-N treatments at the central and southern Iowa sites, while at the V12 growth 
stage, the NO3
--N pool size was similar in the AONR and zero-N treatments. At the central 
site in the AONR treatments, the soil NO3
--N pool size increased with historical N 
application rate at the V5 growth stage.  
Across subplots receiving the AONR in 2015, soil moisture content in historically 
moderate and high N fertilizer rates was 6 % higher than the historical zero N rate at the 
central site and 3-4%higher than the historical zero-N rate at the southern site (Figure 4). 
Across all historical N rates, soil moisture content was 3-4% greater in the subplots receiving 
zero-N versus the AONR. Soil moisture at the V12 maize growth stage was 13 and 9% lower 








Figure 3. Mean (a) NH4-N and (b) NO3-N pool sizes from 5-15 cm soil depth at the V5 and V12 maize growth stages in continuous 
maize systems in central and southern Iowa in 2015. Experimental plots received one of three historical N fertilizer rates from 
1999-2014 (zero, moderate or high). Individual plots received the same N rate every year 1999-2014. In 2015, the historical N 
rate plots were split and received either zero N or the empirically determined long-term agronomic optimum N rate (AONR). See 
Table 1 for historical N fertilizer rates. Vertical bars represent 95% confidence intervals. At the southern site, soil samples at the 






Figure 4. Mean gravimetric soil moisture from 5-15 cm at the V5 and V12 maize growth 
stages in continuous maize systems in central and southern Iowa in 2015. Experimental plots 
received one of three historical N fertilizer rates from 1999-2014 (zero, moderate or high). 
Individual plots received the same N rate every year 1999-2014. In 2015, the historical N 
rate plots were split and received either zero N or the empirically determined long-term 
agronomic optimum N rate (AONR). See Table 1 for historical N fertilizer rates. Vertical 





At the V5 growth stage at both sites, the 2015 N fertilization at the AONR reduced 
gross ammonification (Figure 5). However, also at both sites, the effect of the 2015 N 
fertilizer addition decreased with increasing historical N rate such that the 2015 N fertilizer 
input had the greatest effect on gross ammonification in the historically zero-N plots and no 
effect in the historically high N plots. In contrast to the V5 growth stage, N fertilizer had no 
effect on gross ammonification at the V12 growth stage (supplementary information Figure 
S1 and S2). Across all historical N rates at the V5 growth stage, the AONR application in 
2015 reduced gross ammonification by 15 and 12% at the central and southern sites, 
respectively. 
 
3.4 Isolated effect of inorganic N fertilizer on gross ammonification 
The laboratory-controlled addition of N fertilizer to soils that received no N fertilizer 
input from 1999-2014 nor in 2015 (i.e., the only difference was laboratory addition of N 
fertilizer) reduced gross ammonification (Figure 6). In soils from the central site, gross 
ammonification rates were 68% lower with addition of NH4NO3. In soils from the southern 
site, gross ammonification rate was numerically negative, which is biologically impossible, 
but this result was not statistically different from zero (large ammonium pool sizes and low 
isotopic enrichment likely elevated the minimum detection limit for gross ammonification 
above the actual rate; Hart et al. 1994). There was a strong negative correlation between 
ammonium pool size and gross ammonification rate (Figure 7). However, there was no 







Figure 5. Difference between the gross ammonification rate (kg N ha-1 day-1) with and 
without agronomic optimum N rate (AONR) application in 2015 at three historical N rates at 
the V5 maize growth stage. See Table 1 for historical N fertilizer rates. Vertical bars 






Figure 6.  Gross ammonification rates (kg N ha-1 day-1) in soils collected from 2015 zero-N 
treatments from the 1999-2014 zero-N historical rate after laboratory application of N 
fertilizer at the agronomic optimum N rate (AONR) for the (a) central and (b) southern Iowa 







Figure 7. Correlation between gross ammonification rate (kg N ha-1 day-1) and NH4-N (kg N 
ha-1) pool size in soils collected from the 1999-2015 zero-N rate subplots, without laboratory 
fertilizer addition (closed symbol) and with laboratory N fertilizer addition at agronomic 
optimum rate (AONR) (open symbol) at central (circle symbol) and southern (triangle 
symbol) Iowa sites. 
4. Discussion 
Across two maize production systems with different long-term climate, management, 
and physiography (Table 1), inorganic N fertilizer caused a consistent and ecologically 
relevant reduction in gross ammonification rate (i.e., SOM mineralization). These results 





mineralization and reduces SOM stocks (Mulvaney et al., 2009; Russell et al., 2009). Our 
coupled field and laboratory N-addition experiments demonstrated that the suppressive effect 
of N fertilizer on gross ammonification can be attributed to the direct effect of N fertilizer 
application on microbial activity rather than the indirect effects of N fertilizer on 
environmental conditions that are altered by crop growth (soil moisture, soil temperature, and 
enhanced belowground OM inputs, e.g., rhizodeposition). The correlation between NH4
+ 
pool size and gross ammonification indicate that NH4
+ is responsible for the suppression.  
Ecological theory may help to explain the direct suppressive effect of NH4
+ on gross 
ammonification. Microbial N mining theory predicts that N fertilization will reduce microbial 
mineralization of SOM (Moorhead & Sinsabaugh, 2006): under conditions of low soil 
inorganic N, microbes can accelerate SOM decomposition in search of N to meet demand for 
growth metabolism. This energy investment in N acquisition may lower microbial carbon use 
efficiency because evidence indicates that much of the SOM decomposed as a result N 
mining is low- or zero-energy biomolecules such as lignin (Spohn et al., 2016; Zang et al., 
2016; Li et al., 2017). Indeed, the addition of N fertilizer can reduce oxidative enzyme 
activity (Sophn et al., 2016), which is consistent with the concept that N mining targets 
nutrient-poor substrates.  
Importantly, the direct effect of inorganic N on microbial activity and SOM dynamics 
was ecologically relevant – even in the context of large differences in NPP and soil moisture 
that were imparted by the fertilizer addition (Figures 4 and 1). The reduction in gross 
ammonification (0.6 - 4.9 kg N ha-1 day-1) due to inorganic N fertilizer addition was large 
compared to the typical rate of maize N uptake at the V5 growth stage (~ 1.5 kg N ha-1 day-1; 





C) (Coleman & Jenkinson, 1996) do not capture the effect of inorganic N on SOM dynamics 
because ammonification rates are mostly driven by initial SOM levels, soil moisture, and soil 
temperature dynamics. In more complex models that concurrently account for soil and crop 
dynamics as well as their interactions (e.g. APSIM), the effect of inorganic N on SOM 
dynamics becomes an emergent property of the simulation process with apparent differences 
in soil N mineralization due to N-fertilizer input (Puntel et al., 2016). Nevertheless, the direct 
effect of inorganic N on microbial activity is not included. This highlights the importance of 
recent ecosystem process models that incorporate microbial physiology (e.g., Wieder et al., 
2014).  
The ecological relevance of our results may, however, vary with the type and placement 
of N fertilizer. Anhydrous ammonia and urea, do not contain NH4
+, but are quickly 
transformed to NH4
+. Although these transformations affect soil pH, we found no correlation 
between gross ammonification and soil pH (data not shown), which is similar to previous 
work (Booth et al., 2005). Other fertilizers contain large fractions of NO3
- (e.g., urea-
ammonium-nitrate). Because we found no association between NO3
- pool size and gross 
ammonification in field-fresh or laboratory-controlled soils, N fertilizer with large fractions 
of NO3
- may have a lesser effect on gross ammonification. The placement of N fertilizer may 
also impact our results. We uniformly applied NH4NO3 to the soil, however, N fertilizer can 
be placed in concentrated bands resulting in much higher NH4
+ concentrations (e.g., 
Maharjan & Venterea, 2013; Mitchell et al., 2013). The correlation between NH4
+
 pool size 
and gross ammonification suggests the suppressive effect of NH4
+ may be higher when 
NH4
+-based fertilizers are applied in concentrated bands. Moreover, the study year was 





site, respectively); the effects of N fertilizer could vary depending on the climatic conditions 
affecting microbial activity.  
4.1 Long- and short-term effects of N fertilizer application on SOM mineralization 
The suppressive effect of N fertilizer on gross ammonification was greater in 
historically under-fertilized soils (Figure 4), which appears to be consistent with microbial N-
mining of SOM. The historical zero-N rates at both sites had lower nutrient availability as 
indicated by lower total N concentrations compared to moderate and highest historical N 
rates (Table 2). In addition, previous work at the central site demonstrated that N fertilizer 
inputs have reduced the C/N ratio of maize litter while altering microbial community 
composition from a fungal-dominated community in zero-N treatments to bacterially-
dominated community in N-fertilized treatments (Brown et al., 2014). These changes may 
have decreased microbial N mining in N-fertilized treatments by decreasing microbial N 
demand. Alternatively, historical N fertilizer could have provided a ‘home-field advantage’ 
to the microbial community (i.e., the microbes were accustomed to high NH4
+ 
concentrations) such that response to 2015 N fertilizer was muted (Ayres et al., 2009).    
Despite the large effect of N fertilizer on gross ammonification, it was short-term, 
disappearing after a period of rapid plant N uptake that equalized inorganic N pools in 
fertilized and non-fertilized treatments (Figure 3). By the V12 growth stage, cumulative 
maize N uptake exceeds 33% of the total N uptake (Abendroth et al., 2011) and, as a result, 
soil inorganic N pools are typically small. During this time, maize growth reduced soil 
moisture. Although the effect of N fertilizer on gross ammonification rate (supplementary 
section, Figure S1 and S2), and soil inorganic N concentration disappeared by the V12 





patterns in the soil environment suggest that the indirect effect of NPP on soil moisture was 
not a factor reducing gross ammonification. And this pattern is consistent with our laboratory 
results that demonstrated a direct, suppressive effect of inorganic N pool size on gross 
ammonification (Figures 6 and 7).  
4.2 Implications for measurements of FNUE 
Fertilizer N use efficiency (FNUE) is measured with one of two methods (see 
introduction). The ‘N difference’ method (eq. 1) has been suggested to overestimate FNUE 
compared to the ‘15N tracer method’ (eq. 2) due to a positive or ‘priming’ effect of N 
fertilizer on soil N mineralization (Jansson and Persson, 1982; Cassman et al., 2002; Gardner 
& Drinkwater, 2009). Our results reject this hypothesis. The methodological assumption of 
equal N pool sizes and mineralization rates in the fertilized and unfertilized treatments was 
violated; lower N mineralization in fertilized vs. unfertilized treatments at our sites would 
reduce FNUE as measured by the ‘N difference’ method.   
Therefore, rather than previous concerns about the potential for the N difference 
method to overestimate FNUE, our results suggest the ‘N difference’ method may 
underestimate FNUE.FNUE as measured with the N difference method is generally 20-30% 
greater than the 15N tracer method (Cassman et al., 2002; Stevens et al., 2005). Our results 
indicate that positive priming of the inorganic N fertilizer cannot explain the methodological 
difference. Future work should investigate suggestions that the 15N tracer method 
underestimates FNUE due to 1:1 substitution of added inorganic 15N isotope and the existing 
inorganic 14N pool (Cassman et al., 2002).  
 Despite reduced gross ammonification with N fertilizer application at the V5 growth 





the V12 growth stage, maize yield was much greater in N-fertilized treatments (Figure 2). 
Although we did not measure roots, previous reports have demonstrated that N fertilizer 
concomitantly increases below and aboveground maize production, which suggests well-
developed root system in fertilized plots enhances N uptake (Russell et al., 2009). Thus, any 
suppressive effect of N fertilizer on gross ammonification does not appear to negatively 
impact N uptake.    
4.3 The net effect of N fertilizer on ecosystem NUE 
Although N fertilizer is an important source of crop N uptake, N mineralized from 
SOM typically accounts for the majority of crop N uptake – even in high-input, low-diversity 
agroecosystems (Gardner & Drinkwater, 2009). If N fertilizer reduces SOM-N mineralization 
and, as a result, increases reliance on fertilizer N, it could increase environmental N losses 
because mineralized SOM-N is a more efficient source of crop N uptake (Drinkwater & 
Snapp, 2007). In contrast, if the reduction in early-season SOM-N mineralization (Figure 6) 
represents a delay in the release of potentially mineralizable SOM-N rather than an absolute 
reduction in total SOM-N mineralization, it could reduce environmental N losses and 
increase total crop N uptake (i.e., similar to a delayed-release fertilizer). Coincidently, 
comparisons of N fertilizer sources often find NH4NO3 to be among the most efficient 
sources of inorganic N fertilizer (Andraski & Bundy, 2008). New metrics of ecosystem NUE, 
such as ‘systems NUE’ [sNUE = Nyield/(Nyield + Nloss)] where, Nyield is grain N harvest and 
Nloss is the sum of all environmental N losses (e.g., gaseous and dissolve) in kg ha
-1 y-1 could 
identify potential trade-offs between crop N uptake, SOM mineralization, and environmental 





Regardless of the net effect of N fertilizer on SOM mineralization, our results 
highlight one dilemma of soil C management: “shall we hoard it or use it” (Janzen, 2006)?  
Rational fertilizer application (i.e., the ‘historical N rate’) led to greater soil C and N 
concentrations (Table 1) and soil moisture (Figure 4). However, SOC can be increased by N 
fertilizer via two pathways: an increase in inputs or a decrease in mineralization. If increases 
in SOM stocks are achieved via reductions in SOM N mineralization (Figure 5), more N 
fertilizer may be required to achieve the same NPP and environmental N losses may be 
increased. Thus, strategies to increase SOM should aim to increase SOM inputs rather 
decrease SOM mineralization. A shift from inorganic N fertilizer to manure and legume 
sources of N are one option to achieve this goal.    
5. Conclusion 
We reject the hypothesis that inorganic N fertilizer application enhances SOM 
mineralization in conventionally managed Midwest US continuous maize ecosystems. 
Inorganic N fertilizer addition consistently reduced gross ammonification at an early growth 
stage of maize when soil inorganic N concentrations were higher in N-fertilized treatments. 
In later stages of maize growth when soil inorganic N concentrations were similar among N-
fertilized and non-fertilized treatments, there was no effect of N fertilizer on gross 
ammonification. Laboratory experiments indicate that NH4
+-N concentrations were 
responsible for the reduction in ammonification (Figure 7).  
The suppressive effect of N fertilizer application on gross ammonification is likely 
linked to microbial N demand. The effect was greatest in treatments that had not received 
historical N fertilizer applications and had lower SOC and total N, suggesting microbes may 





which had greater total soil N concentrations, fertilizer N did not significantly reduce 
ammonification. In these treatments, historically high N fertilizer inputs and accompanying 
increases in total soil N may have increased N availability to a point that it no longer limited 
microbial activity.  
Given the suppression of gross ammonification by N fertilizer, the ‘N difference’ 
method to measure FNUE may underestimate FNUE, especially in systems with low SOM. 
This result contrasts with previous reports, which suggest that the indirect ‘N difference’ 
method overestimate FNUE. Although future research will be required to determine why the 
N difference method consistently estimates higher FNUE than the 15N isotope method, the 
relatively inexpensive ‘N difference’ method should not overestimate FNUE and thus may 
provide an accurate estimate of FNUE. This result could have widespread application for 
research aiming to increase NUE of maize agroecosystems.  
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CHAPTER 4.    STALK SAP NITRATE TEST: A POTENTIAL NITROGEN 
FERTILIZER RECOMMENDATION SYSTEM FOR CORN 
Abstract 
Nitrogen fertilizer is among the costliest inputs to corn production, but it is easily lost 
from the cropping system to the environment where it represents an economic loss that can 
diminish air and water quality. This study aimed to determine if corn stalk sap nitrate 
concentrations could be developed into a tool to improve N fertilizer input recommendations by 
predicting the need for late spring sidedress N fertilizer. In 2017, we measured corn stalk sap 
nitrate concentration at the V7-8 developmental stage across three to eight different pre-plant N 
fertilizer rates at five locations in Iowa. At each site, the stalk nitrate-N concentration 
consistently increased with the pre-plant N fertilizer rate. Percent maximum grain yield was 
positively related to sap nitrate-N concentration. Across all sites, the sap nitrate concentration 
that indicated N supply was sufficient to achieve maximum return from N fertilizer input ranged 
from 570 - 820 ppm N at the V7-V8 corn developmental stage. The observations from this one-
year, multi-site study suggest that stalk sap nitrate concentration offers great potential to aid in-
season N fertilizer application recommendations and thus deserves further study. 
1. Introduction 
Careful management of nitrogen (N) fertilizer is necessary to achieve optimum crop yield 
while minimizing N losses to the environment. The balance of total crop N demand, the capacity 
for soil to supply crop-available N (residual inorganic N plus soil organic nitrogen 
mineralization), and environmental N losses controls the N fertilizer requirement. Crop N 
demand is affected by environmental factors such as weather and soil as well as cultivar 





environment are controlled by the environmental factors including soil moisture, soil 
temperature, soil organic matter content, and cropping system management (e.g., cultivar, crop 
residue type and amount, manure; Puntel et al. 2016). As a result, there is no relationship 
between corn grain yield at the optimum N fertilizer rate and the economic optimum N rate; high 
yields do not necessarily require more N inputs (Lory and Scharf, 2003; Laboski et al., 2008).  
The goal of N recommendation systems is to estimate the gap between N supplied by the 
soil, after accounting for environmental losses, and N required by the plant. The late spring soil 
nitrate test and the end-of-season stalk nitrate tests are common methods to estimate the optimum 
N input to corn (Zea mays). The late-spring nitrate test can be used to help determine the amount 
and need for N fertilizer application to corn (Magdoff 1984). The test measures the concentration 
of nitrate in soil from 0-60 cm immediately prior to sidedress N input; then, that concentration is 
used to determine the appropriate amount of N input. Thus, the test is an indicator of N 
supplying capacity of the soil rather than the N status of the plant (Blackmer and Schepers, 
1995). In contrast to the late-spring nitrate test that aids in-season decision making, the end-of-
season stalk nitrate test is a post-season performance test that helps to determine if N fertilizer 
input was insufficient, sufficient or excessive (Binford et al., 1992 (b)). At crop maturity, a 
section of the basal stalk is cut, dried, ground, and extracted for nitrate in one of several possible 
solutions (e.g., 2M potassium chloride). The stalk nitrate concentration provides an index of crop 
N status, but does not aid in-season N management decision (Morris et al., 2017).  
In general, compared to soil tests, plant tests are considered to be a better indicator of N 
sufficiency during plant growth and development (Binford et al., 1992 (a)). However, plant N 





and soil processes and properties. As a result, several different measures of N are used to index 
plant N status and diagnose N deficiency in corn including: tissue total N concentration in the 
whole plant <12 inches, tissue total N concentration in the mature leaf for plants >12 inches, and 
total N concentration in the ear leaf at the silking growth stage. Similar to the late spring soil 
nitrate test and end-of-season corn stalk nitrate tests, tissue N tests are laborious, time-consuming 
and costly (Morris et al., 2017).  
There have been some attempts to transfer the end-of-season stalk nitrate test into an in-
season test that can be used to aid in-season decision making. Iversen et al., (1985), suggested 
that nitrate concentration in the basal stalk of corn seedlings was affected by N fertilizer rate and 
the relative grain yield was positively associated with the stalk nitrate concentration. 
McClenahan and Killorn (1988) also observed a positive correlation between corn grain yield 
and basal corn stem nitrate-N content and reported a critical range of 0.9-1.78 % (dry weight 
basis) at V6 corn developmental stage. However, Fox et al., (1989), suggested that stalk nitrate 
concentration at the V5-V6 stage and grain yield are poorly correlated. The nitrate concentration 
in plant sap has been suggested to be impacted by the environmental conditions as well as the 
plant growth stage (Morris et al., 2017; Justes 1997). 
Regardless of whether there is or is not a relationship between stalk sap nitrate 
concentration and corn N sufficiency, these historical measurements of stalk nitrate 
concentration were made using extracts of corn stems in a variety of solutions and reported on a 
dry matter basis. Thus, these tests measure nitrate in sap as well as that in the tissue. Moreover, 
these studies followed different protocols that targeted plant sampling at different growth stages. 





concentration. Iversen et al., (1985) extracted with (NH4)2SO4 solution. McClenahan and Killorn 
(1988) extracted with buffer solution. Fox et al., (1989) did not report the extractant. Schepers et 
al. (1990) extracted with hot distilled water. However, labor intensity is the major limitation of 
these analyses; the field sampling and extensive sample preparation procedures in the laboratory 
create a significant delay between field sampling, lab analysis, and on-farm N fertilizer 
management.  
Another approach for N fertilizer recommendations is sap nitrate concentration. This 
method is commonly used for leafy vegetable crops. However, no research in the Midwest US, 
which is the largest corn producing region in the world, has investigated the potential for direct 
measurements of corn stalk sap nitrate concentration to aid in-season N fertilizer rate decision 
making. One reason for the lack of attempts may be the high concentration of nitrate in corn stalk 
sap coupled with the low volume of sap. Concentration ranges that we measured in stalk sap 
require 10-300 times dilution (data published herein). This creates a time-consuming analytical 
challenge due to the large dilution of a small sample volume. However, recent developments 
have improved both the ability to dilute small volume samples and the accuracy of nitrate 
measurements at high concentrations. Automated pipetting systems (e.g., Precision XS, Biotek 
Instruments, USA) have improved the accuracy and speed of sample dilution and nitrate 
analysis. Moreover, the availability of new low-cost, instantaneous electrochemical sensors (e.g., 
Ali 2017) promise to allow in situ, instantaneous measurements of N uptake without destructive 
sampling of plants, thus eliminating long time lags between sample collection, sample analysis 





The objective of the study is to evaluate if there is a correlation between corn stalk sap 
nitrate concentration in the early period of plant growth and development when there is still an 
opportunity to make effective N fertilizer inputs, and yield. If these variables are correlated, corn 
stalk sap nitrate could make a low-cost and rapid tool to monitor crop N status for late spring N 
fertilizer recommendations. In this study, we focused on correlation of sap nitrate concentration 
with N fertilizer rate and grain yield, addressing three basic questions: 1) does stalk sap nitrate 
concentration respond to N fertilizer rate? 2) Are increases in grain yield and stalk sap nitrate 
concentration with N fertilizer input positively associated? 3) If yes, what is the sufficient stalk 
sap nitrate concentration to achieve maximum return from N fertilizer application?  
2. Materials and Methods 
2.1. Experimental Location and Treatments in 2017 
The study was conducted at 5 locations in Iowa, encompassing a wide variety of growing 
conditions and management practices (Supplementary Table 1). At each site, continuous corn 
(Zea mays) was grown because it has a larger response range to N fertilizer rate than corn after 
soybean. Three to eight different N rates in different N forms were applied to plots that ranged 
from 0.03 to 1 acre at each site, listed below (Table 2). Corn was managed at each site according 
to the local common practices.  
Table 2. Soil properties at five experimental locations in Iowa in the year 2017 
Site USDA Soil Type Soil Texture 
Ames 3NR Nicollet, Webster  Loam, Clay loam 
Ames 6NR Nicollet, Webster, Clarion Loam, Clay loam 
Crawfordsville 8NR Kalona, Taintor Silty clay loam 
Kanawha 3NR Canisteo Clay loam 





Table 3. Fertilizer N rate treatments at 5 locations in Iowa in the year 2017. 
Site N form N fertilizer rates (kg 
N/ha) 
Replicates 
Ames 3NR Urea 0, 168, 336 3 
Ames 6NR Urea 0, 67, 135, 202, 269, 
336 
3 
Crawfordsville 8NR Urea Ammonium 
Nitrate 
0, 56, 112, 168, 224, 
280, 336, 392 
2 
Kanawha 3NR Urea 0, 168, 336 3 
Wellman 4NR Manure and anhydrous 
ammonia 
0, 140, 211, 280 4 
2.2. Plant sampling and nitrate analysis 
At V7-8 corn developmental stage, five stalk samples (basal 6”) in 2017 were collected 
randomly within each plot from each site. Stalks samples were kept in a cooler while transferred 
to the lab where they were stored in the refrigerator (40 C) until analyzed the next day. In the 
laboratory, leaves were removed and stalks were washed with deionized water. Sap was 
extracted using Kai Select 100 mini hand juicer. Due to high nitrate concentrations, the sap was 
diluted 10-300 times with deionized water in 50 ml centrifuge tubes. The diluted samples were 
analyzed the same day for nitrate-N (NO3-N) concentration using colorimetery, which is 
commonly used for soil nitrate analysis in dilute and concentrated salt solutions (Hood-Nowotny 
et al., 2010). 
2.3.  Measurement of corn yield and sap nitrate response to N fertilizer rate 
Mean grain yields were regressed on N fertilizer application rate for the three sites with > 
3 N fertilizer rates. The agronomic optimum N rate for each site was estimated from the joint 
point of the quadractic-plateau model fitted to grain yield response to N rate. Regression models 





To compare the relationship between the grain yield and sap nitrate concentration across 
sites, yield was expressed as the relative yield response by dividing the yield for each treatment 
as a percentage of the yield at the agronomic optimum N rate for each respective site. Quadratic-
plateau and linear-plateau regression models were fitted to the response of percent max yield to 
N fertilizer application rate at five sites.  
Net return ($) from per unit N applied per ha was calculated by subtracting the cost of 
fertilizer from the total return from corn yield. A sufficiency range of stalk sap nitrate 
concentration to achieve maximum return from N fertilizer applied was determined by using two 
response models – linear plateau and quadratic plateau regression models. Linear plateau model 
was used to get the lower limit and quadratic plateau model for upper limit of sufficiency range. 
Best fit regression models were selected based on the Akaike information criterion (AIC), and 
Bayesian information criterion (BIC) and goodness of fit was assessed based on the R2 and 
adjusted R2 indices (Archontoulis and Miguez, 2015).  
Cate-Nelson analysis (Cate and Nelson 1971) was used to predict whether yield would 
respond to sap nitrate concentration. This analysis provided a critical point on the x-axis (sap 
nitrate concentration) where the sum of squares is maximized among separated groups on the x-
axis and a critical point on y-axis (percent maximum) where the error is minimized among the 
separated groups on the y-axis. These critical points divided the data into two groups: points for 
which probability of response to sap sap nitrate concentrationis high (quadrants II and IV) and 
points for which probability of response to sap nitrate concentration is is low (quadrants I and 





definitely respond to fertilizer addition. Statistical analyses were done using R software (version 
3.3.2) (R Core Team, 2017). 
3. Results and Discussion 
3.1. Yield response to N fertilizer rate:  
Corn grain yield across treatments and sites ranged from 3.9 to 14.9 Mg ha-1. There was a 
statistically significant yield response to N fertilization and the quadratic model described this 
relationship at three sites with more than three N fertilizer rates (Figure 1, Table 3, Table S2). 
The agronomic optimum N rates for each site were 398 310, and 306 kg N ha-1 at Ames 6NR, 
Crawfordsville 8NR, and Wellman 4NR, respectively.  
Table 4. Estimated maximum yields and regression models at three sites in Iowa in the year 
2017. 
 
3.2.Stalk sap nitrate-N response to N fertilizer application rate: 
Corn stalk sap nitrate-N concentration at V7-8 growth, increased linearly in response to N 
fertilizer rate for 6 N rates at Ames 6NR site (Figure 2, Table 4). However, a quadratic model 
better described the response of sap nitrate-N concentration to N fertilizer application rate for 
Crawfordsville 8NR and Wellman 4NR locations (Table S3). 
Site Max yield 
(Mg/ha) 
Model describing the yield – N fertilizer rate 
relationship 
R2 
Crawfordsville 8NR 14.38 7.28136741 + 0.04588054*x - 0.00007412*x2 0.86 
Ames 6NR 12.01 4.13813866 + 0.03959146*x - 0.00004976*x2 0.86 







Figure 2. Corn yield (Mg/ha) response to N fertilizer rates (kg N/ha) at three sites in Iowa in the 
year 2017. The vertical error bars represent standard error of mean. 
Table 5. Regression models for sap nitrate relationship with N fertilizer rate at three sites in 
Iowa in the year 2017. 
Site Model describing the sap nitrate– N fertilizer rate 
relationship 
R2 
Crawfordsville 8NR 184.43500000+3.94962479*x-0.00508585*x2 0.78 
Ames 6NR 35.10952381+1.61481434*x 0.83 







Figure 3. Corn stalk sap nitrate concentration (ppm N) response to different levels of N fertilizer 
application rate at five locations in Iowa in the year 2017. The vertical bars represent standard 
error of mean. 
3.3 Yield response to stalk sap nitrate-N concentration: 
Percent maximum corn yield was positively correlated with sap nitrate-N until it reached a 
plateau at a sap nitrate-N concentration level of 518 ppm N (R2=0.92), and for quadratic plateau 






Figure 4. Percent maximum corn yield response to stalk sap nitrate concentration. The critical 
point at which percent maximum yield reaches maximum indicated with blue dotted line for 
linear - plateau regression model and red-dotted line for the quadratic plateau regression model. 
3.3.  Critical sap nitrate-N concentration range at V7-8 developmental stage: 
As all the data points fall in quadrants II and IV, Cate-Nelson analysis indicates percent 
maximum yield responds positively to change in the sap nitrate concentration. The sap nitrate 
concentration of 202 ppm nitrate-N and 66 percent maximum yield are the critical points on x- 
and y-axis that minimize the points in the lower right and upper left quadrants (Figure 4, Table 
S6). These results suggests that the sap nitrate concentration below the critical point of 202 ppm 
N would definitely enhance yield with further addition of N fertilizer.  
Linear Plateau model; R2 = 0.92 (Blue Line) 
Quadratic plateau model; R2 = 0.93 (Red 
line) 










Figure 4. Cate-Nelson analysis, percent grain yield as a function of sap nitrate concentration at 
five locations in Iowa. The vertical blue line indicates critical point for sap nitrate concentration 
and horizontal blue line indicates the critical point for percent maximum yield. 
The sap nitrate sufficient concentration range at V7-8 developmental stage to achieve 
maximum net return from N fertilizer applied was 571 - 820 ppm nitrate-N (Figure 5). The R2 







Figure 5. Net return ($) per acre response to stalk sap nitrate-N concentration across five sites. 
The critical point at which net return from N fertilizer application reaches maximum indicated 
with blue dotted line for linear -plateau regression model and red-dotted line for the quadratic 
plateau regression model. 
Within N rates, high variability of sap nitrate concentration could be due to diurnal 
variability as observed in our preliminary studies (unpublished data). Future work should 
investigate and attempt to control for this variability. Another reason could be spatial variability 
in the field (McClenahan and Killorn (1988). In addition, within the same soil types across 
experimental sites, there was larger site-to-site variability indicating that local calibration might 
be required for better use of this test. 
4. Conclusion 
Based on the results from this preliminary study, it may be possible to use corn stalk 
nitrate concentration as an indicator of N fertilizer demand, particularly as a tool to determine 
Linear Plateau model; R2 = 0.89 (Blue Line) 
Quadratic plateau model; R2 = 0.90 (Red 
line) 









if sidedress N fertilizer is required. Grain yield, N fertilizer rate and sap nitrate concentration 
were positively correlated. Although our work indicates a stalk sap nitrate critical 
concentration range of 570-820 ppm nitrate-N at the V7-8 corn developmental stage, future 
work should investigate the consistency of this result as well as ability for the stalk sap test to 
determine how much sidedress N fertilizer is needed. With the development of new tools to 
instantaneously measure plant and soil N dynamics at low-cost, this study demonstrates that 
the stalk sap nitrate test could be used as a low-cost, rapid and easy in-season tool to assess 
the N status of corn and improve N fertilizer management. 
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Crawfordsville 8NR Tillage Fall and spring chisel plowed 
Planting Pioneer P1197AMXT @35,600 per acre 
Fertilizer 8 rates of UAN, potash @200 kg/ac 
Herbicide 2oz/A Zidua 1.5#/A Atrazine 32oz/A Roundup Power 
Max 2#/A AMS; and 4pt/A Halex GT 0.5#/A 
Atrazine 2#/A AMS 12.8oz/A NIS 
Harvest Machine harvest 
Ames 6NR Tillage Fall chisel plowed, spring chisel plowed, and field 
cultivated prior to planting 
Planting Pioneer 1197AMXT@ at 32,000 seeds/ac 
Fertilizer 6 rates of urea 
Herbicide Hoeing 
Harvest Machine harvest 
Ames 3NR Tillage Fall chisel plowed, spring chisel plowed, and field 
cultivated prior to planting 
 Planting Pioneer 1197AMXT@ at 35,000 seeds/ac 
 Fertilizer 3 rates of urea 
 Herbicide Hoeing 
 Harvest Machine harvest 
Kanawha 3NR Tillage Fall chisel plowed, spring chisel plowed, and field 
cultivated prior to planting 
 Planting Pioneer P0157AMX@ at 35,000 seeds/ac 
 Fertilizer 3 rates of 32% UAN 
 Herbicide  32 oz/ac of Brawl II on both corn and soybean plots, 
Bucaneer Plus 32 oz/ac, Cobra 12.5 oz/ac, and Select 
Max 12 oz/ac Additives COC @ 16 oz/ac and AMS 
@ 2.5 lbs/ac 
 Harvest Machine harvest 
Wellman 4NR Tillage Fall chisel plowed, spring chisel plowed, and field 
cultivated prior to planting 





Table S1. (continued)  
 Fertilizer Fall and spring Ammonium Sulfate (4 rates), Spring 
swine manure 3500 GPA on all plots except 0 rate 
plots, Planter UAN nitrogen 
 Herbicide - 
 Harvest Machine harvest 
Table S2. Goodness of fit and model selection indices of regression models for corn grain yield 
correlation with N fertilizer rate at three sites in Iowa. 
Site Model R2 Adjusted R2 AIC BIC 
Crawfordsville 8NR Linear 0.69 0.67 63.27 65.58 
 Quadratic 0.86 0.84 52.82 55.91 
 Linear-plateau 0.83 0.80 55.91 59.00 
 Quadratic-plateau 0.88 0.86 50.12 53.21 
Ames 6NR Linear 0.83 0.82 63.98 66.66 
 Quadratic 0.86 0.84 61.65 65.21 
 Linear-plateau 0.84 0.81 64.74 68.30 
 Quadratic-plateau 0.86 0.84 61.65 65.21 
Wellman 4NR Linear 0.83 0.82 54.74 57.06 
 Quadratic 0.88 0.87 51.00 54.09 
 Linear-plateau 0.85 0.82 55.36 58.45 
 Quadratic-plateau 0.88 0.87 51.00 54.09 
Table S3. Goodness of fit and model selection indices of regression models for sap nitrate 
concentration correlation with N fertilizer rate at three sites in Iowa. 
Site Model R2 Adjusted R2 AIC BIC 
Crawfordsville 8NR Linear 0.72 0.69 213.48 215.80 
 Quadratic 0.78 0.74 211.65 214.74 
 Linear-plateau 0.72 0.68 215.21 218.30 
 Quadratic-plateau 0.78 0.74 211.64 214.73 
Ames 6NR Linear 0.83 0.82 216.17 218.84 
 Quadratic 0.84 0.82 216.84 220.41 
 Linear-plateau 0.83 0.80 218.87 222.43 
 Quadratic-plateau 0.84 0.82 216.84 220.41 
Wellman 4NR Linear 0.70 0.68 202.96 205.28 
 Quadratic 0.75 0.71 201.79 204.88 
 Linear-plateau 0.76 0.72 201.43 204.52 





Table S4. Goodness of fit and model selection indices of regression models for percent maximum 
yield at agronomic optimum N rate correlation with sap nitrate concentration across five sites in 
Iowa. 
Model R2 Adjusted R2 AIC BIC 
Linear 0.64 0.62 200.14 203.68 
Quadratic 0.90 0.89 171.96 176.67 
Linear-plateau 0.92 0.91 166.02 170.73 
Quadratic-plateau 0.93 0.92 162.68 167.39 
Table S5. Goodness of fit and model selection indices of regression models for net return from N 
fertilizer application with sap nitrate concentration across five sites in Iowa. 
Model R2 Adjusted R2 AIC BIC 
Linear 0.67 0.65 345.02 348.56 
Quadratic 0.86 0.85 325.99 330.70 
Linear-plateau 0.89 0.88 321.04 325.75 
Quadratic-plateau 0.90 0.89 319.33 324.04 
 
Table S6. Cate-Nelson analysis final model statistics 
Number of observations 24 
Critical value of x 202.42 
Sum of squares for that critical value of x 10847.99 
Critical value of y 66.00 
Number of observation which fall in quadrant I 0 
Number of observation which fall in quadrant II 18 
Number of observation which fall in quadrant III 0 
Number of observation which fall in quadrant IV 6 
Total observations which fall into the quadrants predicted by the model 24 
Percent observations which fall into the quadrants predicted by the model 100 
Observations which do not fall into the quadrants predicted by the model 0 
Percent observations which do not fall into the quadrants predicted by the model 0 
p-value from Fisher exact test dividing data into these quadrants 7.43e-06 






CHAPTER 5.    SUMMARY AND CONCLUSION 
The overall goal of this research was to understand the patterns of crop management 
practices effect on the N supplying capacity of the soil, fertilization impact on microbial 
transformation processes, and to find a new tool for in-season N fertilizer application 
recommendation to better match the N supply with the crop N demand. 
Potentially mineralizable N is an indicator of the N supplying capacity of soil. This 
study also provides a sound basis that the crop management practices that benefit PMN also 
benefit crop yield. The conservation crop management practices such as optimum rate of N 
fertilizer application, crop rotation with three or more crops in sequence, cover crops and no-
till systems increase potentially mineralizable N in soil. All conservation practices do not 
provide similar benefit, non-legumes cover crops does not provide any benefit to PMN when 
compared with no cover crop systems, and no-till systems have similar PMN when compared 
with chisel plow over long term.  
Impacts of inorganic N fertilizer application on the long-term sustainability of 
agricultural systems is unclear. On one hand N fertilizer increases net primary productivity 
and therefore enhance SOM, whereas on the other hand it is suggested that N fertilizer 
enhances microbial activity and thereby enhances SOM decomposition. This study suggests 
that N fertilizer application suppressed the soil N mineralization early in the growing season 
during high N uptake period and had no effect later in the corn growing season. The highest 
impacts of N fertilizer were in the soils that never received N fertilizer and no impact that 
historically received high rates of N fertilizer. The suppressive effect was due to the direct 
impacts of fertilizer addition, there was a strong negative correlation between ammonium 





enhance SOM mineralization and helps maintain or enhance sustainability of corn production 
systems of Midwest US Corn Belt. The suppressive effect of inorganic fertilizer on SOM 
mineralization has direct implications on the methods used to determine fertilizer N use 
efficiency. As opposed to the common view that the ‘N difference’ method overestimates 
fertilizer N use efficiency due to priming effect of N fertilizer, it may actually underestimate 
fertilizer N use efficiency, especially in the low soil organic matter systems. 
For in-season N fertilizer recommendations, a plant based, quick, and low-cost 
method is required to enhance the yields with minimum losses. This one-year, multi-site 
study suggests corn stalk sap test could be a useful tool for in-season N fertilizer 
recommendations. The corn stalk sap nitrate concentration had a positive correlation with the 
fertilizer N rate. The grain yield was positively associated with sap nitrate concentration at 
V7-V8 developmental stage. Therefore, sap nitrate test at V7-V8 corn developmental stage 
can be used as a tool for N fertilizer recommendations. The sap nitrate concentration at this 
stage sufficient to achieve maximum return from N fertilizer addition was 570-820 ppm N. 
This stalk sap nitrate test could be used a low-cost, rapid, less laborious in-season tool to 
assess the corn N status for late spring N fertilizer recommendations.  
Overall, this research could have widespread application for research aiming to 
increase nitrogen use efficiency of corn production systems of Midwestern US Corn Belt. 
